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Abstract 
Institutional and governmental support on wind energy sources, together with the wind 
energy potential and improvement of wind energy conversion technology, has led to a fast 
development of wind power generation in recent years. The continuous increase of the wind 
power penetration level brings a result that wind power generation gradually becomes an 
important component of power generation in the grid, which makes the study on the wind 
power quality issues and the interaction between the wind turbines and the grid necessary and 
imperative. 
The research documented in this thesis examines power quality issues of grid-connected 
wind turbines and the interaction between wind turbines and the grid. The specific goal of the 
research has been to investigate flicker emission and mitigation of grid-connected wind 
turbines with doubly fed induction generators (DFIG) during continuous operation, and 
voltage recovery of such kind of grid-connected wind turbines after the clearance of a short 
circuit fault in the grid.  
As a basis of the research, a model of grid-connected wind turbines with DFIG is 
developed in the dedicated power system analysis tool PSCAD/EMTDC, which simulates the 
dynamics of the system from the turbine rotor, where the kinetic wind energy is converted to 
mechanical energy, to the grid connection point where the electric power is fed into the grid. 
The complete grid-connected wind turbine model includes the wind speed model, the 
aerodynamic model of the wind turbine, the mechanical model of the transmission system, 
models of the electrical components, namely the DFIG, PWM voltage source converters, 
transformer, capacitor, and the control system. The grid model and the electrical components 
of the wind turbine are built with standard electrical component models from 
PSCAD/EMTDC library. The wind model, the aerodynamic model, the mechanical model and 
the control system are built with custom components developed in PSCAD/EMTDC. 
Two control schemes are implemented in the developed grid-connected wind turbine 
model: speed control and pitch control. The speed control scheme is composed by two vector-
control schemes designed respectively for the rotor-side and grid-side PWM voltage source 
converters. Cascade control is used in the vector-control schemes. Two design methods, pole-
placement and internal model control, are applied for designing the PI-controllers in the 
vector-control schemes. The pitch control scheme is employed to regulate the aerodynamic 
power from the turbine. The performances of the control schemes, respectively current control 
loops, power control loops, DC-link voltage control loop and pitch control loop, are 
illustrated, which meet the design requirements. Simulation results show that the wind turbine 
is capable of providing satisfactory steady state and dynamic performances, which makes it 
possible that the wind turbine model can be applied to study the power quality issues of such 
kind of grid-connected wind turbines and their interaction with the grid. 
To evaluate the flicker levels produced by grid-connected wind turbines with DFIG, a 
flickermeter model is developed according to the IEC standard IEC 61000-4-15, which 
simulates the response of the lamp-eye-brain chain and provides on-line statistical analysis of 
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the flicker signal and the final results. Based on the developed model of grid-connected wind 
turbines with DFIG and the flickermeter model, the flicker emission during continuous 
operation is studied. The influence factors that affect flicker emission of grid-connected DFIG 
wind turbines, such as wind characteristics (mean speed, turbulence intensity) and grid 
conditions (short circuit capacity, grid impedance angle) are analysed. The effects of the 
influence factors are compared with previous research results related to the fixed speed wind 
turbine. In particular, the effects of mean wind speed, turbulence intensity and grid impedance 
angle are different from that in the case of the fixed speed wind turbine. 
It is possible to regulate the reactive power flow on the connection line so that the voltage 
fluctuation caused by the active power flow can be compensated by that caused by the reactive 
power flow. Based on this principle, two effective measures are proposed to mitigate the 
flicker levels produced by grid-connected wind turbines with DFIG, respectively by wind 
turbine output reactive power control and using STATCOM. Simulation results demonstrate 
that these two measures are effective for flicker mitigation regardless of mean wind speed, 
turbulence intensity and short circuit capacity ratio. 
The voltage recovery study is started with grid-connected wind turbines with dynamic slip 
control, which are simple, cost-effective, partially variable speed wind turbines, for gaining a 
good understanding of transient responses of induction generators in an external short-circuit 
situation. The model of a variable speed wind turbine with dynamic slip control in the 
simulation tool of PSCAD/EMTDC is presented, and the control schemes, respectively 
dynamic slip control and pitch control, are described. The transient process of grid-connected 
wind turbines after an external short-circuit fault is analyzed in detail. It is concluded from the 
analysis that increasing the electromagnetic torque or decreasing the aerodynamic torque helps 
to recover the voltage after the clearance of an external short-circuit fault. For the wind turbine 
with dynamic slip control, after the clearance of an external short-circuit fault, the 
electromagnetic torque may be strengthened by adjusting the generator slip, and the 
aerodynamic torque may be reduced by regulating the pitch angle, which helped to slow the 
rotor speed down and re-established the voltage at the wind turbine terminal. Simulation 
results demonstrate that pitch control, dynamic slip control and combined control are effective 
measures for voltage recovery of grid-connected wind turbines with dynamic slip control. An 
emergency pitch regulation scheme is developed and applied in the case of pitch control. 
 Based on the acquired knowledge, the voltage recovery of grid-connected wind turbines 
with DFIG is studied. Two kinds of situations are studied which depend on whether the rotor 
protection devices in the DFIG are triggered or not. 
When the situation after an external short-circuit fault is not serious enough to trigger the 
rotor protection devices, the control schemes of the DFIG operated as normal and are capable 
of forcing the rotor speed down and re-establishing the voltage at the wind turbine terminal 
after the clearance of the short-circuit fault, which are demonstrated by simulation results. The 
performances of the wind turbine as well as the control schemes are illustrated in detail.  
If the situation after an external short-circuit fault is serious enough, the protection devices 
in the rotor circuit will be triggered which yields a result that the generator rotor is short-
circuited and the rotor-side converter is deactivated. In this situation, a control strategy is 
proposed to re-establish the voltage at the wind turbine terminal and restore the wind turbine’s 
normal operation after the fault clearance, which is verified by simulations results. The control 
strategy, which takes advantage of the benefits of the rotor circuit protection device and the 
emergency pitch control scheme, are performed in three steps, respectively protection device 
activation, voltage recovery assisted by pitch control, and normal operation restoration of the 
wind turbine with DFIG. 
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Chapter 1 
Introduction 
 
 
 
 
 
 
The research documented in this thesis relates to power quality issues of grid-connected 
wind turbines and the interaction between wind turbines and the grid that they are connected 
to. In particular, this work concentrates on flicker emission and mitigation of grid-connected 
wind turbines with doubly fed induction generators (DFIG) during continuous operation, and 
voltage recovery of such kind of grid-connected wind turbines after the clearance of a short 
circuit fault in the grid.  
The background and the motivation for the research are presented in this chapter, as well 
as a study on the previously published relevant research work. Also, the problem statement is 
given and an outline of the individual chapters concludes the chapter. 
 
1.1  Background and motivation 
 
Rising pollution levels and worrying changes in climate, arising in great part from energy-
producing processes, demand the reduction of ever-increasing environmentally damaging 
emissions. Additionally an emerging awareness of finiteness of the earth’s fossil fuel reserves 
has caused many people to look for alternatives. Generating electricity, particularly by making 
use of renewable resources, allows the attainment of notable effects. Thereby the immense 
potentials of wind energy on the earth assume great importance. The worldwide potential of 
wind power means that its contribution to electricity production can be of significant 
proportions. In many countries, the potential for wind energy production exceeds by far the 
local consumption of electricity. Good prospects and economically attractive expectations for 
the use of wind power are indivisibly linked to the incorporation of this weather-dependent 
power source into existing power systems. 
In the past decades, the wind power generation has experienced a very fast development. 
Table 1.1 shows the installed wind turbine capacity worldwide at the end of 2002 [1], although 
it is obvious that with such a rapid growth in some countries data of this kind become out of 
date very quickly. 
The reasons that resulted in the fast development of wind power are quite complex. 
Important factors include the immense potentials of wind energy on the earth, the political and 
economic support from the governments and the development of wind turbine technology. 
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Table 1.1 Installed wind turbine capacity throughout the world, the end of 2002 [1] 
Location Installed capacity (MW) 
USA 4,685 
Canada 238 
North America 4,923 
  
Germany 12,001 
Spain 4,830 
Denmark 2,880 
Italy 785 
Netherlands 688 
UK 552 
EU Total 23,056 
  
Other Europe 235 
  
India 1,702 
China 468 
Japan 415 
Other Total 2,914 
  
World Total 31,128 
 
Wind turbine technology, dormant for many years, awoke at the end of the 20th century to 
a world of new opportunities. Developments in many other areas of technology were adapted 
to wind turbines and have helped to hasten their quick emergence. A few of the many areas 
which have contributed to the new generation of wind turbines include materials science, 
aerodynamics, power electronics, computer science, testing and analytical methods. 
The main options in wind turbine design and construction include [2]: 
• axis of rotation: horizontal or vertical 
• number of blades (commonly two and three) 
• rotor orientation: downwind or upwind of tower 
• blade material, construction method, and profile 
• hub design: rigid, teetering or hinged 
• power control via aerodynamic control (stall control) or variable pitch blades (pitch 
control) 
• fixed or variable rotor speed 
• orientation by self-align action (free yaw), or direct control (active yaw) 
• synchronous or induction generator 
• gearbox or direct drive generator 
Today, the most common design of wind turbine is the horizontal axis, three-bladed, 
upwind wind turbine. 
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Wind turbines can either operate at fixed speed or variable speed. Compared with fixed 
speed operation, variable speed operation has a number of benefits including the reduction of 
wear and tear on the wind turbine and potential operation of the wind turbine at maximum 
efficiency over a wide range of wind speeds, yielding increased energy capture [2]. 
The benefits are listed in detail as follows [3]: 
• below rated wind speed, the rotor speed can be made to vary with wind speed to 
maintain peak aerodynamic efficiency. 
• the reduced rotor speed in low winds results in a significant reduction in 
aerodynamically-generated acoustic noise – noise is especially important in low winds, 
where ambient wind noise is less effective at masking the turbine noise. 
• the rotor can act as a flywheel, smoothing out aerodynamic torque fluctuations before 
they enter the drive train – this is particularly important at the blade passing frequency. 
• direct control of the air-gap torque allows gearbox torque variations above the mean 
rated level to be kept very small. 
• both active and reactive power can be controlled, so that unity power factor can be 
maintained – it is even possible to use a variable speed wind farm as a source of 
reactive power to compensate for the poor power factor of other consumers on the 
network; variable speed turbines will also produce a much lower level of electrical 
flicker. 
Most of the major wind turbine manufacturers are developing new larger wind turbines. 
These wind turbines are all based on variable speed operation with pith control. Three main 
types of variable speed wind turbine are illustrated as follows [4]: 
• wind turbines equipped with squirrel cage induction generator, connected to the grid 
through a stator converter cascade 
• wind turbines equipped with DFIG, connected to the grid through a rotor converter 
cascade 
• wind turbines equipped with synchronous generator and a stator DC-link cascade for 
network connection 
 Nowadays, DFIG are most commonly used by the wind turbine industry for larger wind 
turbines [5]. The most significant reason for the popularity of DFIG is the relatively small size 
of power converter – approximately 10-25% of nominal turbine power – which is a cost 
efficient solution in order to obtain variable speed [6]. The acknowledgement of the increasing 
installed capacity of grid-connected wind turbines with DFIG is the background for this 
research work. Fig. 1.1 shows the block diagram of a grid-connected wind turbine with DFIG, 
where PCC represents the Point of Common Coupling. 
As the wind power generation, which depends on the weather, is integrated into the grid 
continuously and quickly, the influence of wind turbines on the grid power quality is 
becoming an important issue, especially the influence on voltage fluctuation and flicker. 
Flicker is defined as “an impression of unsteadiness of visual sensation induced by a light 
stimulus, whose luminance or spectral distribution fluctuates with time”[7], which can cause 
consumer annoyance and complaint. Furthermore, flicker can become a limiting factor for 
integrating wind turbines into weak grids, and even into relatively strong grids where the wind 
power penetration levels are high. 
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As mentioned above, variable speed operation of the rotor has the advantage that the faster 
power variations are not transmitted to the grid but are smoothed by the flywheel action of the 
rotor, and will also produce a much lower level of electrical flicker in the grid. Even though, 
the prospect of achieving a better understanding of the flicker produced by grid-connected 
wind turbines with DFIG is one basic motivation for this research work, which will benefit 
integrating more wind power generation into the existing grid. 
The continuous increase of the wind power penetration level brings a result that wind 
power generation gradually becomes an important component of power generation in the grid, 
which makes the study on the interaction between the wind turbines and the grid necessary 
and imperative, especially in some critical situations like short-circuit faults, voltage dips, etc.  
The system operators, who are responsible for maintaining power system stability and 
reliable power supply, have formulated specifications regarding grid integration of wind 
power generation. According to the specification in Denmark [8], at a short-circuit fault in the 
external grid, the voltages at the wind turbine terminals should be re-established after the fault 
clearance without any power loss caused by disconnection of wind turbines. The similar 
requirements can be found in the specifications in Germany, the Netherlands, England and 
Wales [9]. The reason is, when the wind power penetration level is high, the protective 
disconnection of a large amount of wind power will be an unacceptable consequence that may 
threaten the power system stability.  
To investigate the voltage recovery issue of grid-connected wind turbines with DFIG after 
the clearance of an external short-circuit fault is another basic motivation for this research 
work. 
 
1.2  Literature study 
 
As the installed capacity of grid-connected wind turbines increased continuously and 
rapidly in recent years, the power quality issues of grid-connected wind turbines and the 
interaction between the wind turbines and the grid have attracted considerable interest. This 
has resulted in a numerous scientific papers and reports, which are mainly from academia. An 
in-depth review of this prior work will become quite voluminous and, therefore, only the main 
contributions, which are tightly related to the flicker produced by grid-connected wind 
turbines during continuous operation and the voltage recovery issue of grid-connected wind 
turbines, are outlined and commented. 
 
Turbine
DFIG TransformerGearbox
3
3 3
3
Power
converter
GridPCC
Z
 
Figure 1.1 Block diagram of a grid-connected wind turbine with a DFIG. 
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1.2.1  Flicker 
 
The reason of flicker 
 
Grid-connected wind turbines may have considerable fluctuations in the output power, as 
the wind is a weather-dependent power source. Reference [10] indicates that the grid suffers 
voltage fluctuations and flicker as the wind turbines’ output power, which flows into the grid, 
varies.  
The flicker produced by grid-connected wind turbines during continuous operation is 
mainly caused by fluctuations in the output power due to wind speed variations, the wind 
gradient and the tower shadow effect [11]. As a consequence of the combination of wind 
speed variations, the wind gradient and the tower shadow effect, an output power drop will 
appear three times per revolution for a three-bladed wind turbine. This frequency is normally 
referred to as p3 . For fixed speed wind turbines with induction generators, power pulsations 
up to 20% of the average power at the frequency of p3 will be generated [12]. 
The tower shadow effect is produced because the wind turbine tower offers resistance to 
the wind flow, and it disturbs the wind flow both upstream and downstream. Far from the 
tower influence, the wind speed is unchanged, while it increases when approaching the tower 
and decreases when coming closer. A Fourier series with harmonic multiples of p3  frequency 
can represent this shadow effect [13]. The tower shadow effect is more important to the wind 
turbines having their blades downwind of the tower. 
The wind shear phenomenon also produces torque oscillations caused by the wind speed 
gradient along the height of the area swept by the blades. The wind speed gradient may be 
described in polar coordinates centred at the hub elevation by the binomial series [13]. As the 
rotor samples the incoming wind, it sees the wind profiles as a periodical varying function of 
the time with harmonic multiples of p3  frequency. 
The output power of grid-connected wind turbines have been analysed in the frequency 
domain [14, 15]. The results show that, in addition to the dominating periodic component p3 , 
the p6 , p9 , p12  and p18  components are visible too. A possible reason for the existence of 
the p1  component is that the rotor may be unbalanced. Another possibility is that one of the 
blades produces a higher torque than the other ones. The tower resonance frequency is also 
detectable which is assumed originating from a side-ways oscillation of the turbine. 
 
Influence factors 
 
There are numerous of factors that affect flicker emission of grid-connected wind turbines 
during continuous operation, such as wind characteristics (e.g. mean wind speed, turbulence 
intensity), grid conditions (e.g. short circuit capacity, grid impedance angle) and types of wind 
turbines (e.g. fixed speed, variable speed).  
The flicker level increases at higher wind speeds due to higher turbulence in the wind. For 
fixed speed wind turbines, the flicker level increases around three times from lower to higher 
wind speeds. For variable speed wind turbines, the flicker level increases with a rise in the 
wind speed, until the wind speed reaches its rated value. As the wind turbine reaches its rated 
power, the variable speed system will smooth out the power fluctuations and, thereby, limit 
the flicker [11].  
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The turbulence intensity has a significant influence on flicker emission of grid-connected 
wind turbines. The flicker level has an almost directly proportional relation with the 
turbulence intensity [16, 17]. 
The flicker level is approximately inversely proportional to the short circuit capacity at the 
PCC of wind turbines [16, 18].  
The grid impedance angle is so important that, if a proper value is chosen, the voltage 
changes from the varying active power flow will be cancelled by that from the varying 
reactive power flow and, therefore, the voltage fluctuations and the flicker level are reduced 
[16, 18, 19]. The determining factor is the difference between the grid impedance angle and 
the wind turbine power factor angle [16]. When the difference approaches 90 degrees, the 
flicker emission is minimized. 
Different types of wind turbines produce different flicker levels. The flicker level 
produced by variable speed wind turbines is considerably lower than that produced by fixed 
speed wind turbines. A 4 times reduction of the flicker level can be realized through variable 
speed operation [16]. The flicker contribution from the p3  component is quite significant for 
fixed speed wind turbines. However, variable speed wind turbines have the ability to reduce 
the p3  pulsations in the output power [11].  
Most of the references listed above are focused on flicker emission of fixed speed wind 
turbines. However, no specific works have been concentrated on flicker emission of variable 
speed wind turbines with DFIG and the corresponding effects of the above-mentioned 
influence factors. 
 
Flicker mitigation 
 
The flicker mitigation of grid-connected wind turbines during continuous operation may 
be realized by application of auxiliary devices, such as reactive power compensation 
equipment and energy storage equipment.  
The Static Var Compensator (SVC), a commonly used device for flicker mitigation, is 
used to reduce the voltage fluctuations and flicker produced by wind power generation [20]. 
Some research results have shown that the STATCOM is superior to the SVC with respect to 
flicker mitigation [21, 22]. Therefore, the STATCOM, which receives much more attention 
recently, is also applied to mitigate the voltage fluctuations and flicker caused by wind power 
generation [23, 24]. Some other reactive power compensation devices, such as SVC Light [25] 
and UPFC [26], are also employed for flicker mitigation of grid-connected wind turbines. 
Reference [27] applies an inductive storage in the DC-link in a wind turbine with a stator 
AC-DC-AC power converter to smooth the output power, thus, to relieve the voltage 
fluctuations and flicker. However, the studied wind turbine in [27] is not popular in reality. 
 
1.2.2  Voltage recovery 
 
The transient stability issue of grid-connected wind turbines at a short-circuit fault in the 
external grid has received much more attention in the past decade. Most of the research work 
are focused on grid-connected wind turbines with cage induction generators and grid-
connected wind turbines with DFIG. 
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Reference [28] illustrates in detail the transient process of grid-connected wind turbines 
with induction generators at a short-circuit fault in the external grid. There are numerous of 
factors that influence the transient stability of grid-connected wind turbines with induction 
generators at an external short-circuit fault. The research work in [29] examines the effects of 
wind turbine shaft stiffness, mass moment of inertia of the wind turbine and generator rotor, 
length of the interfacing line, nominal voltage level of the interfacing line, wind turbine 
operating power factor, and the type of fault. References [30, 31] illustrate the influences of 
wind turbine mechanical parameters on the transient stability. In [32], the influences of grid 
short-circuit capacity, X/R ratio, fault type, and wind turbine power factor correction on the 
transient stability are demonstrated. The effects of wind speed, wind turbine mechanical 
parameters, reactive power compensation, and grid short-circuit capacity are shown in [33]. 
Regarding the improvement of transient stability of grid-connected wind turbines with 
induction generators at an external short-circuit fault, [25, 31, 34] applies different measures, 
such as adjustment of wind turbine protective relay settings, using the control ability of wind 
turbines, dynamic reactive compensation, to re-establish the wind turbine terminal voltage 
after the fault clearance. Reference [32] proposes several measures to help recovering the wind 
turbine terminal voltage after the fault clearance, such as increasing the generator electrical 
torque, reducing the turbine mechanical torque, dynamic reactive compensation, and 
controlling the wind turbine active power. However, the paper does not provide the effects of 
the proposed measures.  
Grid-connected wind turbines with DFIG have shown better behaviours concerning 
transient stability at short-circuit faults in the external grid in comparison with wind turbines 
with cage induction generators [33, 35, 36]. Reference [37] analyses the transient process of 
grid-connected wind turbines with DFIG at a short-circuit fault in the external grid. However, 
this paper does not discuss the improvement of transient stability and the voltage recovery 
after the fault clearance. Reference [38] studies the transient process of grid-connected wind 
turbines with DFIG at an external short-circuit fault, and applies two measures to improve the 
transient stability and re-establish the wind turbine terminal voltage after the fault clearance. 
The applied two measures are respectively regulating the parameters of control schemes and 
fast-acting reactive power control. However, in this paper the DC-link voltage is assumed to 
be constant during the transient process, which will bring a discrepancy into the research 
results.  
 
1.3  Problem statement  
 
Although many research works, as mentioned in the literature study, have been carried out 
on flicker emission and mitigation of grid-connected wind turbines during continuous 
operation, no special works are systematically concentrated on flicker emission and mitigation 
of grid-connected wind turbines with DFIG, one of the most popular wind turbines worldwide. 
To have a good understanding of the flicker produced by grid-connected wind turbines with 
DFIG during continuous operation may benefit the development of wind power generation. 
Furthermore, based on the study of flicker emission of grid-connected wind turbines with 
DFIG during continuous operation, some effective measures may be put forward to mitigate 
the flicker levels. Therefore, the first aim of this research is 
to study the flicker emission and mitigation of grid-connected wind turbines with DFIG 
during continuous operation. The flicker levels and the influence factors that affect the 
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flicker levels must be studied, and, based on the research results, some effective measures 
to mitigate the flicker levels must be put forward. 
Due to the flexibility provided by power electronic converters, the behaviour of grid-
connected wind turbines with DFIG is quite different from that of wind turbines with cage 
induction generators. It is quite interesting to analyse the transient responses of the wind 
turbine’s control schemes in an external short-circuit fault situation, thus to study the transient 
stability of grid-connected wind turbines with DFIG. Furthermore, it is known from the 
literature study that no effective measures have been proposed for voltage recovery of grid-
connected wind turbines with DIFG. Therefore, the second aim of this research is 
to analyse the transient process of grid-connected wind turbines with DFIG at a short-
circuit fault in the external grid, and in critical post-fault situations, to propose effective 
measures for voltage recovery of grid-connected wind turbines with DFIG after the fault 
clearance. 
The voltage recovery issue of grid-connected wind turbines with dynamic slip control is 
initially studied, which are simple, cost-effective, partially variable speed wind turbines, for 
gaining a good understanding of transient responses of induction generators in an external 
short-circuit situation.  
 
1.4  Outline of the thesis 
 
The documentation of the research is accomplished to fulfil the above two aims. The eight 
chapters in the thesis are organized in five parts as follows: 
 
Part I.  Preliminaries 
 
Chapter 1: Introduction 
It is this chapter. The background and the motivation for the research have been presented 
along with a brief description of the published research work in this area. Next the problem 
statement is given. Finally, this outline of the individual chapters in the thesis is given. 
 
Part II.  Modelling and control of grid-connected wind turbines with DFIG 
 
Chapter 2: Model of grid-connected wind turbines with DFIG 
A whole model of a grid-connected wind turbine with DFIG using back-to-back PWM 
voltage source converters in the rotor circuit is built, which includes the wind speed model, the 
aerodynamic model of the wind turbine, the mechanical model of the transmission system and 
models of the electrical components, namely the DFIG and PWM voltage source converters. 
 
Chapter 3: Control schemes and performance of grid-connected wind turbines with DFIG 
Two control schemes, respectively speed control scheme and pitch control scheme, are 
implemented in the wind turbine model developed in Chapter 2. The speed control scheme is 
composed by two vector-control schemes designed respectively for the rotor-side and grid-
side PWM voltage source converter. Two design methods, pole-placement and internal model 
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control, are applied for designing the PI-controllers in the vector-control schemes. The pitch 
control scheme is employed to regulate the aerodynamic power from the turbine. The 
performances of the control schemes and the wind turbine are also described in detail. 
 
Part III.  Flicker emission and mitigation of grid-connected wind turbines with 
DFIG 
 
Chapter 4: Flicker emission of grid-connected wind turbines with DFIG 
A flickermeter model is built according to IEC standard IEC 61000-4-15 [39]. Based on 
the wind turbine model and the flickermeter model, flicker emission of grid-connected wind 
turbines with DIFG is investigated during continuous operation. The influence factors that 
affect the flicker levels, such as wind characteristics (mean speed, turbulence intensity) and 
grid conditions (short circuit capacity, grid impedance angle) are analysed. The effects of the 
influence factors are compared with previous research results related to the fixed speed wind 
turbine. 
 
Chapter 5: Flicker mitigation of grid-connected wind turbines with DFIG 
Based on the research results in Chapter 4, two effective measures, respectively controlling 
the wind turbine output reactive power and using STATCOM, are applied to mitigate the 
flicker levels produced by grid-connected wind turbines with DIFG, which are verified by 
simulation results. 
 
Part IV.  Voltage recovery of grid-connected wind turbines at an external short-
circuit fault  
 
Chapter 6: Voltage recovery of grid-connected wind turbines with dynamic slip control 
A model of a grid-connected wind turbine with dynamic slip control is developed. The 
transient process of such kind of wind turbines at a short-circuit fault in the external grid has 
been investigated. After the fault clearance, the voltage recovery may be realized by pitch 
control, dynamic slip control and combined control, which are demonstrated in the simulation 
results. 
 
Chapter 7: Voltage recovery of grid-connected wind turbines with DFIG 
The transient responses of the control schemes and the wind turbine at a short-circuit fault 
in the external grid are analysed in detail. In critical post-fault situations, a control strategy is 
proposed to help recovering the wind turbine terminal voltage and improving the system 
transient stability, which is verified by the simulation results. 
 
Part V.  Conclusion 
 
Chapter 8: Conclusion 
The main conclusions and contributions of the research documented in this thesis are 
highlighted with suggestions for future work. 
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Part VI.  Appendices 
 
Appendix A: Wind turbine model in PSCAD/EMTDC 
The DFIG wind turbine model has been developed in the dedicated power system analysis 
tool, PSCAD/EMTDC. This appendix describes the functions of the main blocks in the DFIG 
wind turbine model, e.g. turbine, DFIG, PWM voltage source converter, grid- and rotor-side 
PWM converter control blocks. 
 
Appendix B: System parameters 
This appendix provides some parameters that are used in the simulation work, such as the 
impedance values in different grid conditions, and the protection settings of the wind turbine. 
 
Appendix C: Complete reference list 
All publications referred in this thesis are listed in this appendix. 
 
Appendix D: Published papers 
A copy of the scientific papers published on the work documented in this thesis is included 
in this appendix.  A complete list of the author’s publication is also given.  
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Chapter 2 
Model of grid-connected wind turbines with 
DFIG 
 
 
 
 
 
 
To investigate the power quality issues of grid-connected wind turbines and their 
interaction with the grid, a proper model of grid-connected wind turbines shall be established 
first. The grid-connected wind turbine model simulates the dynamics of the system from the 
turbine rotor where the kinetic wind energy is converted to mechanical energy, to the grid 
connection point where the electric power is fed into the grid. 
 In this chapter, the model of a grid-connected wind turbine with DFIG, developed in the 
dedicated power system analysis tool, PSCAD/EMTDC, is described in detail. First, a general 
introduction of the wind turbine model is given. Next, the wind speed model, the aerodynamic 
model of the wind turbine, the mechanical model of the transmission system and models of the 
electrical components, namely the DFIG and PWM voltage source converters, are presented in 
sequence. Finally, a summary of the models of different components of grid-connected wind 
turbines with DFIG completes the chapter. 
 
2.1  Introduction 
 
The grid-connected wind turbine considered here applies a DFIG, using back-to-back 
PWM voltage source converters in the rotor circuit. Fig. 2.1 illustrates the main components of 
the grid-connected wind turbine, where QP,  are the wind turbine output active and reactive 
power. 
The complete grid-connected wind turbine model includes the wind speed model, the 
aerodynamic model of the wind turbine, the mechanical model of the transmission system, 
models of the electrical components, namely the DFIG, PWM voltage source converters, 
transformer, capacitor, and the control system. The overall structure of the grid-connected 
wind turbine model is shown in Fig. 2.2. 
The equivalent wind speed eqv  represents the whole field of wind speeds in the rotor plane 
of the wind turbine. To include the spatial variations of the wind speed field in the rotor plane, 
the wind model uses the turbine rotor position WTRθ , which is fed back from the mechanical 
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model. The aerodynamic model uses an equivalent wind speed eqv , the wind turbine rotor 
speed WTRw  and the blade pitch angle θ  as inputs. Its output is the aerodynamic torque WT . 
The inputs to the mechanical model are the aerodynamic torque WT  and the 
electromagnetic torque GT . The outputs are the wind turbine rotor speed WTRw  and the 
generator speed genw . The generator speed genw  is used by the control system for speed 
control. 
The electrical model provides the generator electromagnetic torque GT  and uses the 
generator speed genw  as input.  In the other end, the electrical model interfaces with the grid 
by the voltage WTU  and current WTI  on the wind turbine terminal. The electrical model also 
outputs the active power MSP  and reactive power MSQ , representing the measured voltages and 
currents of the control system. The control system provides a number of control signals for the 
electrical model, including the control signals fα  to the PWM converters. 
The model of the grid-connected wind turbine with DFIG is developed in the dedicated 
power system analysis tool, PSCAD/EMTDC. The grid model and the electrical components 
of the wind turbine are built with standard electrical component models from 
PSCAD/EMTDC library. The wind model, the aerodynamic model, and the mechanical model 
are built with custom components developed in PSCAD/EMTDC. The control system of the 
wind turbine is also built with custom components developed in PSCAD/EMTDC, which will 
be discussed in the next chapter. 
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Figure 2.1 Block diagram of a grid-connected wind turbine with a DFIG. 
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Figure 2.2 Overall structure of the grid-connected wind turbine model. 
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2.2  Wind model 
 
Wind simulation plays an important task in wind turbine modelling, particularly for power 
quality analysis of wind farm and their interaction with the grid to which they are connected. 
The wind models describe the fluctuations in the wind speed, which cause the fluctuations in 
the power production of the wind turbines.  
A wind model has been developed to support studies of the dynamic interaction between 
large wind farms and the grid to which they are connected, and to support improvement of the 
electric design of wind turbines as well as grid connection [1, 2, 3]. The wind model is based 
on a power spectral description of the turbulence, which includes the (park scale) coherence 
between wind speeds at different wind turbines in a wind farm, together with the effect of 
rotational sampling of the wind turbine blades in the rotors of the individual wind turbines. 
Both the spatial variations of the turbulence and the shadows behind the wind turbine towers 
are included in the model for rotational sampling. The model is verified using measured wind 
speeds and power fluctuations from wind turbines. 
The park scale coherence is included, because it ensures realistic fluctuations in the sum of 
the power from all wind turbines, which is important for estimating the maximum power and 
power standard deviation of the wind farm. 
The effect of the rotational sampling is included because it is a very important source to 
the fast power fluctuations during continuous operation of the wind turbine. The fast 
fluctuations are particularly important to assess the influence of the wind turbines on the 
flicker levels in the power system. 
The structure of the wind model is shown in Fig. 2.3. It is built into two steps. The first 
step of the wind model is the park scale wind model, which simulates the wind speeds hubv  in 
hub height at each wind turbine, taking into account the park scale coherence. The second step 
of the wind model is the rotor wind model, which includes the influence of rotational sampling 
and the integration along the wind turbine blades as they are rotating. The rotor wind model 
provides an equivalent wind speed eqv  that is conveniently used as input to a simplified 
aerodynamic model of the wind turbine.  
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Figure 2.3 Structure of the wind model. 
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2.2.1  Park scale wind model 
 
The park scale wind model is assumed to be independent of the operation of the wind 
farm. The park wind model does not include the effects of wakes in the wind farm, but the 
mean wind speed and turbulence intensity could be modified to account for these effects. 
A new method for simulation of park scale wind speeds, the complex cross spectral 
method, is applied, which directly generates a single time series at the position of each wind 
turbine. One of the advantages of the new method is that it does not produce more data than 
what is needed. Due to the data reduction, the new method also reduces the computation time 
considerably. 
 
2.2.2  Rotor wind model 
 
The rotor wind model describes the influence of rotational sampling and integration along 
the wind turbine blades as the blades rotate. The model for the wind field includes turbulence 
as well as tower shadow effects. The effects of wind shear and yaw error are not included in 
the model, because they only have a small influence on the power fluctuations [1]. 
The wind speed model provides an equivalent wind speed for each wind turbine, which 
can be used together with a simple, PC -based aerodynamic model, and still include the effect 
of rotational sampling of the blades over the rotor disk. The equivalent wind speed is 
essentially a weighted average of the wind speed along the blades. The weighting ensures that 
the equivalent wind speed applied to a simple aerodynamic function will result in the same 
aerodynamic torque on the main shaft as the real wind speed distributed along the blades. 
The equivalent wind model is composed by a deterministic module – for mean wind speed 
and cyclic variations like tower shadow simulation – and a stochastic module – for turbulence 
simulation. The two modules are added together in order to get the total equivalent wind, as 
shown in Fig. 2.4. 
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Figure 2.4 Block diagram of the rotor wind model. 
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The mean speed is included as a part of the deterministic module. The turbines rotor 
position WTRθ  is fed back from the mechanical model. Three times WTRθ  accounts for the 
interference from the 3rd harmonic from tubular towers in upwind turbines. 
The white noise represents the source of the turbulence. In the turbulence model, only 
three components, 0th harmonic component and real and imaginary part of 3rd harmonic 
component, are included. 
The Kaimal filter is to convert a white noise signal to a signal with a normalised Kaimal 
spectrum. The Kaimal spectrum has been selected as it is commonly used to represent the 
turbulence for wind turbine design. The parameters in the Kaimal filter can be modified to 
account for the different wind speed, turbulence intensities and turbulence length scales. 
The admittance filters take into account the structure of the turbulence in terms of the 
coherence between two points in the rotor plane. The parameters in the admittance filters can 
be modified to account for different wind speeds and rotor disk radiuses. 
Today most wind turbines are constructed with a rotor upwind of the tower to reduce the 
tower interference of the wind flow. Early wind turbines often had lattice tower, but because 
of the visual impact, tubular towers are the most common today. The tubular towers have 
more effect on the flow than lattice tower.  Neglecting the effect of the blade bending, the 
tower shadow effects can be added to contributions from the turbulence. 
 
2.3  Aerodynamic model  
 
Wind turbine power production depends on the interaction between the wind and the 
turbine rotor. The blades of a wind turbine rotor extract some of the energy flow from air in 
motion, convert it into rotational energy, and then deliver it via a mechanical drive unit to the 
generator. 
 
2.3.1  Power extraction from the air stream 
 
Within its region of action, the rotor absorbs energy from the air stream, and can therefore 
influence its velocity. Fig. 2.5 represents the flow that develops around a wind turbine, with an 
area swept by the wind 2A , in an unrestricted air stream in response to prevailing transmission 
conditions, whereby the air stream is decelerated axially [4]. 
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Figure 2.5 Air stream around the wind turbine. 
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The energy absorbed from an air volume aV  of cross-section 1A  and swirl-free speed of 
flow 1v  far upstream of the turbine, which results in a downstream reduction of flow speed to 
3v  with a corresponding broadening of the cross-section area to 3A , can be expressed as 
)(
2
2
3
2
1 vvVW aW −=
ρ                                                                                                               (2.1) 
where ρ  is the air density [kg/m3]. The wind turbine power WP  may therefore be expressed 
as  
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An air volume flow in the rotor area ( AA =2 ) of 
2Avdt
dVa =                                                                                                                               (2.3) 
yields, in quasi-steady state, 
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The maximum wind turbine power output 
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is obtained when 
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                                                                                                                                 (2.6) 
The ratio of the power WP  absorbed by the turbine to that of the wind 
3
10 2
AvP ρ=                                                                                                                              (2.7) 
under smooth air flow conditions at the turbine defines the power coefficient pC  
0P
PC Wp =                                                                                                                                 (2.8) 
which has the maximum value 
5926.0
27
16
max, ==pC                                                                                                              (2.9) 
 
2.3.2  Aerodynamic model 
 
The wind turbine rotor that extracts the energy from the wind and converts it into 
mechanical power is a complex aerodynamic system. For state of the art modelling of the 
rotor, blade element theory must be used [4]. Modelling the rotor using blade element theory 
has, however, a number of drawbacks: 
• instead of only one wind speed signal, an array of wind speed signals has to be applied. 
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• detailed information about the rotor geometry should be available. 
• computations become complicated and lengthy. 
To solve these problems, a simplified way of modelling the aerodynamic behaviour of the 
wind turbine rotor is normally used when the electrical behaviour of the wind turbine is the 
main interest of the study. The relation between the wind speed and aerodynamic power may 
be described by the following equation: 
),(
2
1 32 λθρπ peqW CvRP =                                                                                               (2.10) 
The corresponding aerodynamic torque can be expressed as 
λλθρπ /),(
2
1 23
peqW CvRT =                                                                                          (2.11) 
where WP  is the aerodynamic power extracted from the wind [W], WT  is the aerodynamic 
torque extracted from the wind [Nm], ρ  is the air density [kg/m3], R  is the wind turbine 
rotor radius [m], eqv  is the equivalent wind speed [m/s], θ  is the pitch angle of rotor [deg], 
eqWTR vRw /=λ  is the tip speed ratio, where WTRw  is the wind turbine rotor speed [rad/s], pC  
is the power coefficient. 
Numerical approximations have been developed to calculate pC  for given values of θ  and 
λ . Here, the following approximation is used [4, 5] 
ieC
i
p
λθ
λ
λθ
5.12
)0.54.0116(22.0),(
−
−−=                                                                                (2.12) 
with 
1
035.0
08.0
1
1
3 +
−
+
=
θθλ
λi                                                                                                        (2.13) 
The resulting pC curves are displayed in Fig. 2.6. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 2.6 Power coefficient Cp curves as a function of tip speed ratio
and pitch angle. 
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2.3.3  Aerodynamic power control 
 
At high wind speeds it is necessary to limit the input power to the turbine, i.e. aerodynamic 
power control. There are three major methods of aerodynamic power control: stall, pitch and 
active stall control [6]. The three methods are described in detail as follows: 
• Stall control implies that the blades are designed to stall in high wind speeds and no 
pitch mechanism is thus required.  
• Pitch control is the most common method of controlling the aerodynamic power 
generated by a turbine rotor for newer larger wind turbines. Almost all variable speed 
wind turbines use pitch control. Below rated wind speed the turbine should produce as 
much power as possible, i.e. using a pitch angle that maximizes the energy capture. 
Above rated wind speed the pitch angle is controlled in such a way that the 
aerodynamic power is kept at its rated value. In order to limit the aerodynamic power, 
at high wind speeds, the pitch angle is controlled to decrease the angle of attack.  
• It is also possible to increase angle of attack towards stall in order to limit the 
aerodynamic power. This method can be used to fine-tune the power level at high wind 
speeds for fixed speed turbines. This control method is known as active stall. 
 
2.4  Mechanical model 
 
In the mechanical model, emphasis is put only on the parts of the dynamic structure of the 
wind turbine that contribute to the interaction with the grid, i.e. which influences significantly 
on the output power of the wind turbine. Therefore, only the drive train is considered because 
this part of the wind turbine has the most significant impact on the output power, while the 
other parts of the wind turbine structure, e.g. tower and flap bending modes, are neglected. 
Neglecting the dynamics of the mechanical parts, the drive train may be modelled with a 
single lumped mass. Since there exists a gearbox, the quantities on the high-speed side have 
been referred to the low speed side. The lumped model of the mechanical drive train thus can 
be expressed as [7]: 
WTRGW
WTR
WG DwTTdt
dwJ −−= '                                                                                             (2.14) 
where WGJ  is the wind turbine mechanical inertia plus generator mechanical inertia [kg·m
2], 
WTRw  is the wind turbine rotor speed [rad/s], WT  is the wind turbine input aerodynamic torque 
[Nm], 'GT  is the generator electromagnetic torque referred to the low speed side [Nm], and D   
is friction coefficient [Nm/rad]. 
The flicker level is usually quantified by the short-term flicker severity, which is normally 
measured over a ten-minute period [8]. Since the measurement lasts so long a time, the 
dynamics of the mechanical parts may be neglected. Therefore, the lumped mechanical model 
can be used for flicker study of grid-connected wind turbines. 
The modelling of the wind turbine mechanical drive train has impact on the transient 
analysis of the wind turbine in an external short-circuit fault situation [9, 10, 11]. In [9, 10], 
the effect of the way the mechanical drive train of the wind power generation system is 
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modelled in terms whether using the lumped model or a shaft model has been investigated. 
The wind power generation system using the shaft model is liable to lose stability after an 
external short-circuit fault, in comparison with the one using the lumped model. Due to the 
shaft model, the transient response of the wind power generation system is subjected to 
relatively high oscillations while that of the wind power generation system using the lumped 
model almost contains no oscillation.  
In this research work, the aim of the voltage recovery study of the grid-connected wind 
turbines is not focused on in which post-fault situation the wind turbines will lose stability, but 
on proposing effective measures or control strategies for wind turbine voltage recovery in 
unstable situations. Thus, the voltage recovery study may be carried out on a wind turbine 
using the lumped mechanical model, and the proposed measures or control strategies may be 
extended to wind turbines using more detailed mechanical drive train models. 
 
2.5  DFIG model 
 
The DFIG is a wound rotor induction generator, where the rotor circuit is connected to the 
grid through power electronic devices. The ability to supply/subtract power to/from the rotor 
makes it possible to operate the DFIG at sub- or super-synchronous speed, while keeping 
constant voltage and frequency on the stator terminals. Therefore, the DFIG is often used 
where variable speed, constant frequency generation is required.  
PSCAD/EMTDC software library provides a dedicated model of the wound rotor 
induction generator with rotor voltages interference, which is applied in this study. The wound 
rotor induction generator is modelled in the state variable form using generalized machine 
theory. The stator and the rotor windings are transformed to their two-phase equivalent using 
the dq0-transformation. The wound rotor induction generator model is built with detailed 
descriptions of the stator and rotor direct and quadrature axis currents (or flux linkages) and 
the rotor speed. 
To have a good understanding of the DFIG, the following sections describe the steady 
state equivalent circuit and the operation principle as well as the dq-models both in the 
arbitrary and rotor fixed reference frame.  
 
2.5.1  Steady state equivalent circuit 
 
Fig 2.7 shows the diagram of the steady state equivalent circuit of the DFIG [12], where 
the quantities on the rotor side are referred to the stator side. 
In the equivalent circuit, sU&  and rU&  are the applied stator phase voltage and rotor phase 
voltage to the induction machine respectively [V], rE  is the electric motive force [V], sI&  is 
the stator current [A], rI&  is the rotor current [A], 0I&  is the no-load current [A], sr  is the stator 
resistance [ Ω ], rr  is the rotor resistance [ Ω ], sx  is the stator leakage reactance [Ω ], rx  is the 
rotor leakage reactance [ Ω ], mr  represents the magnetizing losses [ Ω ], mx  is the magnetizing 
reactance [ Ω ], s  is the generator slip. 
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Applying Kirchhoff’s voltage law to the circuit in Fig. 2.7 yields 
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This equivalent circuit, based on calculations with rms-values of voltages and currents, can 
only be applied for steady state analysis of the DFIG. For dynamic analysis of the DFIG, a 
model in form of differential functions has to be employed, which will be introduced in the 
following sections. 
 
2.5.2  Operation principle 
 
For an ordinary wound rotor induction generator with short-circuited rotor, i.e. the applied 
voltage to the rotor rU&  is zero, the relationship between the electromagnetic torque and the 
real current in the rotor circuit can be expressed as [13] 
ramT ICT Φ=                                                                                                                        (2.16) 
where T  is the electromagnetic torque [Nm], TC  is the torque coefficient, mΦ  is the air gap 
magnetic flux  per phase [Wb], raI  is the real current in the rotor circuit [A]. 
The real current in the rotor circuit can be calculated with the following equation: 
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where s  is the generator slip. 
According to (2.16), as the voltage applied to the stator of the induction generator and the 
load torque are kept constant, the real current in the rotor circuit will be a constant value.  
Neglecting the rotor reactance yields                  
sr s
rr
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sU& s
U r&
sjx rjx
mjx
rE&
sI& rI&
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Figure 2.7 Steady state equivalent circuit of the DFIG. 
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When an external voltage is applied to the rotor circuit, the real current in the rotor circuit 
becomes 
r
r
r
rr
ra r
Es
r
UEsI
&&&
& =
+′
=                                                                                                          (2.19) 
where s′   is the generator slip after the voltage rU&  is applied to the rotor circuit. 
Therefore, it is possible to control the speed of the generator as well as the stator-side 
power factor by modulating the magnitude and phase of the applied voltage, while keeping the 
electromagnetic torque constant [14], as shown in Fig. 2.8. 
In Fig. 2.8, δB  is the air gap magnetic flux intensity [T], rrI&  is the reactive current in the 
rotor circuit [A], sϕ  is the angle between sU  and sI  [deg]. As rU&  is applied to the rotor in 
opposite direction of rEs & , the real current in the rotor circuit drops, which results in a 
reduction of the electromagnetic torque. Assuming the load torque is kept constant, any 
reduction in the electromagnetic torque causes the rotor to accelerate. When the generator slip 
reaches s′ , where rr EsU && ′+  equals rEs & , the real current in the rotor circuit recovers that leads 
to a new balance of the torques. If rU&  and rEs &  have the same direction, the generator slip 
arises until the torques are balanced. The generator can even be operated at sub-synchronous 
speed provided that the magnitude of rU&  is large enough. 
It is also possible to interfere the stator-side power factor by modulating the phase of rU& . 
Seen from Fig 2.8, the applied voltage rU&  in vertical direction of rEs &  helps to improve the 
stator-side power factor. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
For a DFIG driven by a wind turbine, the aerodynamic torque varies as the wind speed 
changes. It is known from (2.16) and (2.19) that, with the interference of the rotor voltage, the 
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                   (a)                                                           (b) 
 
Figure 2.8 Phasor diagrams of the DFIG. 
(a) rU  is in opposite direction of rEs & ; (b) rU  is in vertical direction of rEs & . 
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electromagnetic torque may be varied so that the generator operates at the required speeds. 
Meanwhile, regulating the rotor voltage may control the stator-side power factor.  
With the interference of the voltage in the rotor circuit, the DFIG can be operated in both 
sub-synchronous and super-synchronous mode. The corresponding phasor diagrams are shown 
in Fig. 2.9, where rϕ  is the angle between rU  and rI  [deg].  
The rotor subtracts power from the grid when the generator is operated in sub-synchronous 
mode. On the contrary, in super-synchronous mode, the rotor supplies power to the grid. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
2.5.3  Dq-model in the arbitrary reference frame 
 
For control of dynamic sequences, the standard equivalent circuit shown in Fig. 2.7 is 
inadequate, as the model is based on calculations with rms-values of voltages and currents. A 
dynamic model is set up in the form of the two-phase dq-representation. Thereby, the 
complexity of the three-phase differential equations, where some of the machine inductances 
are functions of the rotor speed and the voltage equations are time varying, is avoided.  
The reduction from three- to two-phase reference frame has the advantage that the fluxes 
in the two phases or directions do not interact with each other. This gains the advantage that 
time varying variables of the three-phase system becomes constant when referred to the two-
phase system. Those advantages are independent of the choice of reference frame. 
The following assumptions are set up for developing the dq-model [14]: 
• The stator and rotor windings of the DFIG are assumed symmetric, i.e. resistance, 
magnetizing and leakage inductances are equal for all three phases. This means the 
zero-component of the dq-model may be eliminated. 
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Figure 2.9 Phasor diagrams of the DFIG in different operation modes. 
(a) sub-synchronous mode; (b) super-synchronous mode. 
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• The windings are assumed sinusoidal distributed around the circumference of the 
DFIG. Thereby, the magnetic motive force produced by the windings will be 
sinusoidal i.e. no harmonic components will be present. 
• The air gap is assumed constant, meaning constant air gap reluctance. In consequence 
the mutual inductances from stator to stator windings and from rotor to rotor windings 
are constant. Only the mutual inductance from stator to rotor winding varies. 
• Saturation of the mutual inductance, or magnetizing inductance, is neglected i.e. the 
magnetizing inductance does not vary as a function of the current. 
• Skin effect in the stator and rotor is neglected. As the frequency of the current 
increases, skin effect will increase the resistance, and decrease the inductance due to 
increased reluctance in the iron of the DFIG. 
• Iron losses are neglected. This means that the real losses in DFIG will be larger than 
simulated. 
• Cross saturation effect, the coupling between two perpendicular axes, is neglected.  
Essentially, the dq-model is a simple reduction from a three-phase representation to a two-
phase representation. The three axes, which represent the three-phase abc in the standard 
model, are projected on two axes, respectively the d- and q-axis. The transformation matrix is 
expressed as [13] 
[ ] 
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°+−°−−−
°+°−
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3
2
θθθ
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P                                                               (2.20) 
where θ  is the angle between the abc- and dq- axis. The corresponding diagram for the abc-
to-dq transformation is shown in Fig. 2.10, where genw  is the generator rotor speed. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
The model in the two-phase system in the arbitrary reference frame is as follows [15, 16], 
where the quantities on the rotor side are referred to the stator side. 
a
d
c
b
q
θ
genw
                          
Figure 2.10 Vector diagram of the abc-to-dq 
transformation.
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where qrdrqsds uuuu ,,, , qrdrqsds iiii ,,,  and qrdrqsds ψψψψ ,,,  are voltages [V], currents [A] and 
flux linkages [Wb] of the stator and rotor in d- and q-axis, sr  and rr  are the resistances of the 
stator and rotor windings [ Ω ], mrs LLL ,,  are the stator, rotor and mutual inductances [H], 
lrls LL ,  are the stator and rotor leakage inductances [H], w  is the speed of the reference frame 
[rad/s], rw  is the electrical angular velocity of the generator rotor [rad/s]. 
By calculating the apparent power and taking the real parts the following equations 
represent the stator-side and rotor-side active power respectively. 
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The rotor-side active power can also be found from the following equation 
sr sPP −=                                                                                                                               (2.27) 
Accordingly the imaginary parts of the apparent power represent the stator-side and rotor-
side reactive power respectively. 
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The mutual flux between rotor and stator produces magnetic energy, which is stored in the 
magnetic field. This energy produces an electromagnetic torque which is calculated as 
)(
2
3
qrdsdrqsmG iiiipLT −=                                                                                                      (2.29) 
where p  is the number of pole pairs. 
An equivalent circuit may be set up by means of the voltage and flux linkage equations of 
the arbitrary reference frame, as shown in Fig 2.11. 
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2.5.4  Dq-Model in the Rotor Fixed Reference Frame 
 
In general four types of reference frames are widely used: stator fixed, rotor fixed, flux 
vector fixed or synchronous rotating reference frame. Since an investigation of a rotor 
phenomenon is to be performed, a rotor fixed reference frame is chosen in this study. The dq-
model in the rotor fixed reference frame is expressed as follows [16, 17], where the quantities 
on the rotor side are referred to the stator side. 
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Figure 2.11 Equivalent circuit of the dq-model in the arbitrary reference frame. 
(a) d-axis equivalent circuit; (b) q-axis equivalent circuit. 
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The electromagnetic torque GT  is calculated as 
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The flux linkages equations are substituted into the respective voltage equations so that 
four current equations are derived to describe the DFIG model. 
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m
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1−=σ                                                                 (2.37) 
The DFIG model may be developed based on (2.36), as shown in Fig. 2.12. 
 
2.6  PWM voltage source converter model 
 
To ensure that the DFIG operates in a wide speed range, the requirement lies in the 
configuration of the converter. For most of the configurations with cycloconverters, naturally 
or line-commutated converters and low-frequency forced commutated thyristor converters, 
harmonic distortion and poor power factor are the major shortcomings, along with limited 
control flexibility. To realize advanced control and harmonic reduction, the back-to-back 
PWM converter structure is an attractive candidate. 
PWM voltage source converters are commonly used in AC motor drives where the 
objective is to produce a sinusoidal AC output voltage whose magnitude and frequency can 
both be controlled. The control of the magnitude and frequency of the AC output voltage is 
achieved by PWM of the converter switches that is also responsible to shape the AC output 
voltage to be as close to a sine wave as possible. The detailed PWM voltage source converter 
model has been studied in the literature [18, 19]. 
For a detailed PWM voltage source converter model, the power electronic components 
should be switched on and off at a high frequency (few kHz or higher), which requires a very 
small simulation time step to well represent the PWM waveforms. The simulation speed is 
thus fairly slow. Therefore, the detailed PWM voltage source converter model is unsuitable for 
investigations that require a long simulation time. 
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Since the study interest is not concentrated on the switches of the PWM voltage source 
converter, an average model without switches is used so that the simulation can be carried out 
with a larger time step resulting in a simulation speed improvement [20]. 
The average model can be built based on the energy conservation principle. The 
instantaneous power must be the same on the DC side and the AC side of the converter 
(assuming an ideal converter): 
ccbbaadcdc iuiuiuiu ++=                                                                                                        (2.38) 
where dcdc iu ,  are the DC voltage [V] and current [A],  cba uuu ,,  and cba iii ,,  are the three 
phase AC voltages [V] and currents [A] respectively. 
The DC side current in the DC-link can be calculated from the AC instantaneous power 
and the DC-link voltage as: 
dc
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dc u
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=                                                                                                           (2.39) 
Based on the DC currents from the rotor-side and supply-side converters and the value of 
the capacitor in the DC-link, the DC voltage can be calculated. 
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Figure 2.12 Block diagram of the DFIG model. 
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The average model also assumes that the PWM voltage source converters will ideally 
reproduce the reference voltages from the control schemes, with the limitation from the DC-
link voltage value. Thus the preferred voltages are directly applied to the generator and the 
grid without any switches. 
The average PWM voltage source converter model is shown in Fig. 2.13. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
2.7  Summary 
 
Modeling of grid-connected wind turbines is essential for the research work on power 
quality issues of grid-connected wind turbines and their interaction with the grid. This chapter 
describes a model of grid-connected wind turbines with DFIG, developed in the dedicated 
power system analysis tool PSCAD/EMTDC, which includes the wind model, the 
aerodynamic model, the mechanical model, the DFIG model, and the PWM voltage source 
converter model. 
Wind simulation plays an important task in wind turbine modeling, particularly for 
dynamic interaction analysis between wind farms and the grid to which they are connected. A 
wind model, which has been developed to support such studies, is introduced in this chapter. 
The structure of the wind model is built into two steps: The first step of the wind model is the 
park scale wind model, which simulates the wind speed in hub height at each wind turbine, 
taking into account the park scale coherence; The second step of the wind model is the rotor 
wind model, which includes the influence of rotational sampling and the integration along the 
wind turbine blades as the blades rotates. 
A simplified aerodynamic model is used as the electrical behavior of the wind turbine is 
the main interest of the study. The aerodynamic model uses an equivalent wind speed, the 
wind turbine rotor speed and the blade pitch angle as inputs. Its output is the aerodynamic 
torque. 
As for the mechanical model, emphasis is put on the parts of the dynamic structure of the 
wind turbine that contribute to the interaction with the grid. Therefore, only the drive train is 
considered, while the other parts of the wind turbine structure, e.g. tower and flap bending 
modes, are neglected. Neglecting the dynamics of the mechanical parts, the mechanical drive 
train may be modeled with a single lumped mass.  
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Figure 2.13 Block diagram of the average PWM voltage source converter
model. 
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The DFIG is a wound rotor induction generator, where the rotor circuit is connected to the 
grid through power electronic devices. PSCAD/EMTDC software library provides a dedicated 
model of the wound rotor induction generator with rotor voltages interference. The wound 
rotor induction generator model is built with detailed description of the stator and rotor direct 
and quadrature axis currents (or flux linkages) and the rotor speed. 
For a detailed PWM voltage source converter model, the power electronic components 
should be switched on and off at a very high frequency (several kHz or higher), which requires 
a very small simulation time step to well represent the PWM waveforms. Since the study 
interest is not concentrated on the switches of the PWM voltage source converter, an average 
model without switches is used so that the simulation can be carried out with a larger time step 
resulting in a simulation speed improvement. The average model is built based on the energy 
conservation principle. 
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Chapter 3 
Control schemes and performance of grid-
connected wind turbines with DFIG 
 
 
 
 
 
 
An advantage of variable speed wind turbines is that the rotor speed can be adjusted in 
proportion to the wind speed in low to moderate wind speeds so that the optimal tip speed 
ratio is maintained. At this tip speed ratio the power coefficient is at maximum, which means 
that the energy conversion is maximized. For a variable speed wind turbine with a DFIG, it is 
possible to control the load torque of the generator directly, so that the speed of the turbine 
rotor can be varied within certain limits. Thus the optimal tip speed ratio as well as the 
maximal power coefficient can be obtained. 
In general, variable speed wind turbines may have two different control goals, depending 
on the wind speed. In low to moderate wind speeds, the control goal is to maintain a constant 
optimum tip speed ratio for maximum energy conversion. In high wind speeds, the control 
goal is to keep the rated output power. 
To achieve the two control goals mentioned above, two control schemes are implemented 
in the grid-connected wind turbine model developed in Chapter 2: speed control and pitch 
control. The speed control scheme is composed by two vector-control schemes designed 
respectively for the rotor-side and grid-side PWM voltage source converter. The pitch control 
scheme is employed to regulate the aerodynamic power from the turbine. Under the control of 
the schemes, the grid-connected wind turbine with DFIG provides satisfactory performance. 
This chapter presents the control schemes and performance of grid-connected wind 
turbines with DFIG. First, the speed control scheme, i.e. the two vector-control schemes 
designed respectively for the rotor-side and grid-side PWM voltage source converter, is 
introduced. Two design methods, pole-placement and internal model control, are applied for 
designing the PI-controllers in the vector-control schemes. Next, the pitch control scheme, 
responsible for regulating the aerodynamic power from the turbine, is described. Finally, the 
performance of the control schemes and the wind turbine are discussed. 
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3.1  Speed control scheme 
 
Fig. 3.1 shows the block diagram for the overall control schemes of the DFIG wind 
turbine, including the speed control scheme and the pitch control scheme, where ss iv ,  are the 
stator voltages [V] and currents [A], ri  are the rotor currents [A], gv  are the grid voltages 
[V], gi  are the grid-side converter currents [A], rw  is the electrical angular velocity of the 
generator rotor [rad/s], dcu  is the DC-link voltage [V], refsrefs QP __ ,  are the reference values 
of the stator-side active [W] and reactive power [Var], refrQ _  is the reference value of the 
reactive power flow between the grid and the grid-side converter [Var], refdcu _  is the 
reference value of the DC-link voltage [V], C  is the DC-link capacitor [F], eqv  is the 
equivalent wind speed [m/s], refθ  is the reference value of the pitch angle [Deg], θ  is the real 
value of the pitch angle [Deg]. 
 
  
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
This section is concentrated on description of the speed control scheme. Vector-control 
techniques, which have been well developed for DFIG using back-to-back PWM converters 
[1, 2, 3, 4], are applied in the speed control scheme. The speed control scheme is composed of 
two vector-control schemes designed respectively for the rotor-side and grid-side PWM 
voltage source converter, as shown in Fig. 3.1. 
The objective of the vector-control scheme for the grid-side PWM voltage source 
converter is to keep the DC-link voltage constant regardless of the magnitude and direction of 
the rotor power, as well as keeping sinusoidal grid currents. It may also be responsible for 
controlling reactive power flow into the grid by adjusting refrQ _ . 
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Figure 3.1 Block diagram for the overall control schemes of the wind turbine with DFIG. 
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The vector-control scheme for the rotor-side PWM voltage source converter ensures 
decoupling control of stator-side active and reactive power drawn from the grid. The reference 
value of the stator-side active power refsP _  is obtained via a look-up table for a given 
generator rotor speed, which enables the optimal power tracking for maximum energy capture 
from the wind. It also provides a generator with a wide speed-range operation. 
The reference value of the pitch angle refθ  is obtained via a look-up table for a given wind 
speed, which is input into the pitch control mechanism. The pitch control scheme will be 
introduced in detail in the next section. 
 
3.1.1  Vector-control scheme of grid-side PWM voltage source 
converter 
 
A vector-control approach is used with a reference frame oriented along the grid voltage 
vector position, enabling independent control of the active and reactive power flowing 
between the grid and the grid-side converter. The PWM voltage source converter is current 
regulated, with the d-axis current used to regulate the DC-link voltage and the q-axis current 
used to regulate the reactive power.  
Fig. 3.2 shows the schematic of the grid-side PWM voltage source converter, where gabcu  
are the three phase grid voltages [V], gcabcu  are the three phase grid-side converter voltages 
[V], gcgbga iii ,,  are the three phase grid-side converter currents [A], gR  and gL  are the 
inductor resistance [ Ω ] and inductance [H], dcrdcg ii ,  are the grid-side and rotor-side DC 
currents [A], C  is the DC-link capacitor [F].  
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Figure 3.2 Grid-side PWM voltage source converter
arrangement to the grid/transformer. 
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Using the abc-to-dq transformation matrix introduced before, the corresponding equation 
in the dq-reference frame rotating at ew  is  
gcqgdge
gq
ggqggq
gqge
gd
ggdggd
uiLw
dt
di
LiRu
uiLw
dt
di
LiRu
+++=
+−+= gcd
                                     (3.2) 
where gqgd uu ,  are the grid voltages [V] in d- and q-axis, gcquu ,gcd  are the grid-side converter 
voltages [V] in d- and q-axis, gqgd ii ,  are the grid-side converter currents [A] in d- and q-axis, 
ew  is the electrical angular velocity of the grid voltage [rad/s]. 
 The active gP  and reactive gQ  power flow between the grid and the grid-side converter 
are 
)(
2
3
)(
2
3
gqgdgdgqg
gqgqgdgdg
iuiuQ
iuiuP
−=
+=
                                                                     (3.3) 
The angular position eθ  of the grid voltage is calculated as 
α
βθ
g
g
ee u
u
dtw 1tan −== ∫                                                                                                           (3.4) 
where αgu  and βgu  are the stationary dq-axis grid voltage components. 
Aligning the d-axis of the reference frame along the grid voltage position given by (3.4), 
as shown in Fig. 3.3, gqu  is zero, and the amplitude of the grid voltage gdu  is constant. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 The active and reactive power flow between the grid and the grid-side converter will be 
proportional to gdi  and gqi  respectively. 
gqgdg
gdgdg
iuQ
iuP
2
3
2
3
−=
=
                                                                      (3.5) 
d
q
eθ
ew
βgu
αgu
gu
α
β
 
Figure 3.3 Vector diagram of the dq-reference 
frame alignment for the grid-side converter. 
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Neglecting harmonics due to the switching and the losses in the resistance and converter, 
following is obtained [2] 
dcrdcg
dc
gddcg
dcgd
gdgddcgdc
ii
dt
du
C
mii
umu
iuiu
−=
=
=
=
4
3
2
2
3
                                                                         (3.6) 
where m  is the PWM modulation depth of the grid-side converter. 
From (3.6), it is seen that the DC-link voltage can be controlled via gdi . 
The currents gdi  and gqi  can be regulated using gcdu  and gcqu  respectively. The control 
scheme thus utilises current control loops for gdi  and gqi , with the gdi  demand being derived 
from the DC-link voltage error. The gqi  demand determines the reactive power flow between 
the grid and the grid-side converter.  Normally the gqi  reference value may be set to zero, 
which ensures zero reactive power exchange between the grid and the grid-side converter.   
The vector-control scheme for grid-side PWM voltage source converter is shown in Fig. 
3.4, where *gcabcu  are the reference values of the three phase grid-side converter voltages [V], 
**
gcd , gcquu  are the reference values of the grid-side converter voltages [V] in d- and q-axis, 
** , gqgd ii  are the reference values of the grid-side converter currents [A] in d- and q-axis. 
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Figure 3.4 Vector-control structure for grid-side PWM voltage source converter. 
 
          Power quality of grid-connected wind turbines with DFIG and their interaction with the grid 
 
44
Cascade control is used in the vector-control scheme. Usually the inner control loop is 
designed much faster than the outer so that, when designing the outer control loop, it is 
possible to neglect the dynamics of the inner control loop. This assumption will make the 
controller design of the outer control loop much easier. 
PI-controllers are applied in this study for their simplicity and robustness. The PI-
controllers may be designed by standard controller design methods. 
From (3.2), the plant for the current control loops is given by: 
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                                                       (3.7) 
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In (3.8) the terms in brackets constitute voltage-compensation terms. 
The effective transfer function of the DC-link voltage control loop can be derived from 
(3.6): 
Cs
m
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su
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dc
4
3
)(
)(
=                                                                       (3.9) 
With the plants of the current control loops and the DC-link voltage control loop, the PI-
controllers may be designed conveniently. 
 
3.1.2  Vector-control scheme of rotor-side PWM voltage source 
converter 
 
The wound rotor induction generator is controlled in a synchronously rotating dq-axis 
frame, with the d-axis oriented along the stator-flux vector position. In this way, a decoupled 
control between the stator-side active and reactive power is obtained, which provides the 
generator with a wide speed-range operation. 
The stator flux angular position sθ  is calculated from 
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where ss βα ψψ , , ss uu βα ,  and ss ii βα ,  are the stationary dq-axis stator flux [Wb], voltages [V] 
and currents [A], sw  is the electrical angular velocity of the stator flux [rad/s]. 
Aligning the d-axis of the reference frame along the stator-flux vector position, as shown 
in Fig. 3.5, gives a result that qsψ  is zero.  
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Since the stator is connected to the grid, and the influence of the stator resistance is small, 
the stator flux can be considered constant. With this consideration, the DFIG model may be 
written as: 
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In this model, su  is the magnitude of the stator phase voltage [V], sw  is the electrical 
angular velocity of the stator flux [rad/s], ew  is the electrical angular velocity of the stator 
voltage [rad/s], sψ  is the magnitude of the stator flux linkage [Wb], msi  is the magnetising 
current [A] of the generator. 
The stator-side active sP  and reactive sQ  power flow are 
d
q
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Figure 3.5 Vector diagram of the dq-reference
frame alignment for the rotor-side converter. 
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Due to constant stator voltage, the stator-side active power and reactive power are 
controlled via qri  and dri  respectively. 
The currents qri  and dri  can be controlled using qru  and dru  respectively. The control 
scheme utilises cascade control, i.e. the inner current control loops are used for controlling the 
d- and q-axis rotor currents and the outer power control loops are used to control the active 
and reactive power on the stator. The power control loops generate the reference d- and q-axis 
rotor currents for the current control loops.  
Fig. 3.6 shows the vector-control scheme for rotor-side PWM voltage source converter, 
where *abcru  are the reference values of the three phase rotor voltages [V], 
** , qrdr uu  are the 
reference values of the rotor voltages [V] in d- and q-axis, ** , qrdr ii  are the reference values of 
the rotor currents [A] in d- and q-axis. 
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Figure 3.6 Vector-control structure for rotor-side PWM voltage source converter. 
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A similar analysis for the control of the dq-axis currents carried out for the grid-side PWM 
voltage source converter can likewise be done for the control of the dq-axis rotor current. 
From (3.11), the plant for the current control loops is given by: 
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+
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In Fig. 3.6 the voltage-compensation terms are added to ensure good tracking of the rotor 
currents. 
The effective transfer functions of the stator-side active and reactive power control loops 
can be derived from (3.13): 
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With the plants of the current control loops and the power control loops, the PI-controllers 
may be designed easily. 
 
3.1.3 PI-controller design 
 
The practising control engineer often has greater knowledge and experience in designing 
continuous-time rather than discrete-time controllers. Moreover, many practical systems 
already incorporate continuous-time controllers. Therefore, the continuous-time PI-controller 
design methods are applied in this investigation.  
There are a number of standard methods for designing PI-controllers, such as Ziegler-
Nichols tuning [5], root locus [6, 7], Bode [7, 8], pole-placement [9] and internal model 
control [10], etc. In this study, the pole-placement method is utilised, for its 
straightforwardness and simplicity, to design PI-controllers in current control loops and power 
control loops.  Internal model control, which is considered as a robust control method, has 
been used for AC machine control [11, 12, 13, 14, 15]. The benefit of the internal model 
control is that the controller parameters are expressed directly in the machine parameters and 
the desired closed-loop rise time. Thus internal model control is applied to design the DC-link 
voltage controller. 
 
Design of PI-controllers in current control loops and power control loops 
 
In the vector-control scheme of the grid-side PWM voltage source converter, the d- and q-
axis line currents are decoupled for controlling the DC-link voltage and the reactive power 
flow between the grid and the grid-side converter respectively. In the vector-control scheme of 
the rotor-side PWM voltage source converter, the d- and q-axis rotor currents are decoupled 
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for individual stator-side active and reactive power control. The voltage-compensation terms 
are used for decoupling the current control loops. 
It is seen from the transfer functions of the current control loops that all the plants for the 
current control loops are stable with only one single dominant nonzero pole. In this condition, 
a straightforward approach for designing a PI-controller is to place the zero of the PI-
controller to cancel (or approximately cancel) the dominant pole of the plant. This method is 
called pole-placement [9]. Thus the system is changed from a type 0 to a type 1 system. 
Assuming ideal decoupling between the d- and q-axis currents, the current control loop is 
shown in Fig. 3.7. 
The open-loop transfer function of the current control loop is 
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The closed-loop transfer function is 
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This is a first order system and the bandwidth of the first order system is 
kk pcn =ω                                                                                     (3.20) 
The relationship between the bandwidth and the rise time (10-90%) for a first order system 
is 1/9ln rn t=ω  [15]. Thus, the rise time of the system step response is 
kk
t
pc
r
9ln
1 =                                                                                   (3.21) 
Therefore, the pck  can be determined as 
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pc +=                                                                      (3.22) 
where %m  is the design margin, which guarantees the required rise time will be obtained. 
The cascade control scheme with an inner rotor current control loop and an outer power 
control loop is shown in Fig. 3.8, where k ′  represents the power control loop plant 
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Figure 3.7 Schematic diagram of the current control loop of the
generator. 
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Since the closed-loop transfer function of the current control loop is expressed as (3.19), 
the control scheme shown in Fig. 3.8 may be simplified as Fig. 3.9. 
 
 
 
 
 
 
 
                      
 
 
 
 
 
 
 
 
 
 
The PI-controllers in the power control loops can be designed in a similar way to the 
design of the PI-controllers in the current control loops. The integral gain and proportional 
gain can be found as 
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where 2rt  is the rise time of the power control loop step response [s], and m  is the design 
margin. 
 
Design of the PI-controller in the DC-link voltage control loop  
 
For its straightforwardness and simplicity, the pole-placement method is applied for 
designing PI-controllers in current control loops and power control loops. It is seen from the 
transfer function of the DC-link voltage control loop that the plant has one single zero pole, 
where the pole-placement method cannot be used directly. Therefore, another method has been 
employed to design the PI-controller in the DC-link voltage control loop. 
Internal model control, which is considered as a robust control method, has been used for 
AC machine control [11, 12, 13, 14, 15]. The benefit of the internal model control is that the 
controller parameters are expressed directly in the machine parameter and the desired closed-
loop rise time. In this investigation, internal model control is utilized to design the DC-link 
voltage controller. 
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Figure 3.8 Schematic diagram of the cascade control scheme of the generator. 
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Figure 3.9 Simplified diagram of the cascade control scheme of the generator. 
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The idea behind the internal model control is to augment the error between the system, 
)(sG , and the model of the system, )(ˆ sG , by a controller )(sC , see Fig. 3.10. It is just a 
matter of choosing the right transfer function )(sC . The closed-loop system will be 
))(ˆ)()((1
)()()(
sGsGsC
sCsGsGcl
−+
=                                               (3.25) 
 
 
 
 
 
 
 
 
 
 
 
If the internal model )(ˆ sG  is perfect, i.e. )()(ˆ sGsG = , the input-output relation is given as 
)()(
)(
)( sGsC
sR
sY
=                                                                           (3.26) 
In this case, letting )()( 1 sGsC −=  gives )()( sRsY = , i.e. all plant dynamics will be 
cancelled and the output signal will attain the input set point instantaneously. It is obvious that 
this optimal result cannot be accomplished due to )(ˆ sG  is hardly ever perfect.  
To solve this problem, one common way of choosing the controller )(sC  when )(ˆ sG  has 
more poles than zeros is [15] 
)(ˆ)()( 1 sG
s
sC n −
+
=
α
α                                                            (3.27) 
where n  is chosen so that )(sC  become implementable, i.e. the order of the denominator is 
greater than that of the numerator. For a first order system, 1=n  is sufficient. The parameter 
α  is a design parameter adjusted to the desired rise time of the closed-loop system.  
For a first order system, substituting formula (3.27) into formula (3.25) with 1=n , the 
closed-loop system with ideal parameters become 
α
α
+
==
s
sCsGsGcl )()()(                                                        (3.28) 
The relationship between the bandwidth and the rise time rt  (10-90%) for a first order 
system is rt/9ln=α . 
The internal model control can be considered as a special case of the classic structure 
shown in Fig. 3.11. The controller )(sF  in this system is related to the internal model )(ˆ sG  
and the controller )(sC  in the following way: 
)(ˆ)(1
)()(
sGsC
sCsF
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=                                                                        (3.29) 
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Figure 3.10 Internal model control system structure. 
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For a first order system, substituting (3.27) into (3.29) with 1=n , the controller )(sF  then 
becomes an ordinary PI-controller: 
)(ˆ
)(
)( 1 sG
ss
ask
sF ip −=
+
=
α                                                         (3.30) 
where pk  is the proportional gain and ia  is the integral gain. 
Assuming 
ps
ksG
−
=)(ˆ , then 
ks
pssG
ss
ask ip )()(ˆ
)( 1 −==
+ − αα                                          (3.31) 
which gives 
rpp
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p
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⋅
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==
9ln
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α
                                                                 (3.32) 
The DC-link voltage is described as 
dcrdcg
dc ii
dt
du
C −=                                                                         (3.33) 
where dcgi  and dcri  are the grid-side and rotor-side currents in the DC-link respectively. 
Assuming the current dynamics is much faster, dcgi  may be expressed as [15] 
ref
dcgdcg ii =                                                                                  (3.34) 
where the reference DC current is set to 
dca
ref
dcg
ref
dcg uBii −′=                                                                      (3.35) 
where an “active damping” term aB  is introduced to damp the disturbance dcri . With the 
introduction of aB , the plant becomes a first order system. 
Treating dcri  as a disturbance, the transfer function becomes 
a
ref
dcg
dc
BCssi
su
sG
+
=
′
=
1
)(
)(
)(                                                         (3.36) 
Using the internal model control mentioned above, the proportional gain and integral gain 
of the PI-controller in the DC-link voltage control loop are found as 
C
B
a
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a
ie
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Figure 3.11 Classic control system structure.
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where eα  is the desired closed-loop bandwidth of the DC-link voltage control loop. The 
closed-loop dynamic is then described as 
e
e
cl s
sG
α
α
+
=)(                                                                              (3.38) 
Fig. 3.12 shows a block diagram of the DC-link voltage control system. In this figure, 
)(sD  represents the disturbance, i.e. dcri . 
 
 
 
 
 
 
 
 
 
 
 
 
 
Choosing ea CB α=  [15], and 
re
e t
9ln
=α  yields 
re
ie
re
pe
t
a
t
Ck
9ln
9ln
=
⋅
=
                                                                          (3.39) 
 
3.2 Pitch control scheme 
 
The aerodynamic model of the wind turbine has shown that the power coefficient is 
strongly influenced by variation of the blade pitch with respect to the direction of the wind or 
to the plane of rotation. Small changes in the pitch angle can have a dramatic effect on the 
output power. 
In low to moderate wind speeds, the turbine should simply try to produce as much power 
as possible, so there is generally no need to vary the pitch angle. The pitch angle should only 
be at its optimum value to produce maximum power. In high wind speeds, pitch control 
provides a very effective means of regulating the aerodynamic power and loads produced by 
the rotor so that the design limits are not exceeded.  
To put the blades into the necessary position, various control systems are employed. 
Reference [16] illustrates a simple pitch mechanism driven by an AC servomotor which 
subjects to external pitching moments (disturbances to the system). The blade and pitch 
mechanism model includes moments from the spring and viscous friction. The torque from an 
AC servo motor can be modeled as a linear combination of terms that are a function of the 
motor speed and of the applied voltage. In the model presented here, the motor torque and 
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Figure 3.12 Block diagram of the DC-link voltage control system. 
 
Chapter 3. Control schemes and performance of grid-connected wind turbines with DFIG 
 
53
speed are referred to the blade side of the pitch mechanism. The differential equation for this 
system has the system dynamic terms on the left and the external torques from the motor and 
disturbance on the right: 
pQmtkvKBJ +′+=+′+′′ θθθθ )(                                                                        (3.40) 
where θ  is the pitch angle, J  is total inertia of the blade and motor, B  is the pitch system 
coefficient of viscous friction, K  is the pitch system spring constant, k  is the slope of the 
torque-voltage curve for motor/pitch mechanism combination, )(tv  is the voltage  applied to 
motor terminals, m  is the slope of the torque-speed curve for motor/pitch mechanism 
combination and pQ  is a pitching moment due to dynamic and aerodynamic forces that acts as 
a disturbance in the system. 
In steady state, i.e. the derivatives of the pitch angle are zero and )(tv  is a constant value, 
the differential equation becomes 
K
Q
v
K
k p+=θ                                                                                                      (3.41) 
Assuming that the airfoil designer has tried to minimize any pitching moment, one could 
design a control system that applied a specific voltage to the motor for a desired reference 
pitch angle, refθ : 
refk
Kv θ=                                                                                                                (3.42) 
In this case, the differential equation for the open-loop system is 
pref QKKmBJ +=+′−+′′ θθθθ )(                                                                       (3.43) 
A block diagram for this system is shown in Fig. 3.13. If one assumes that all derivatives 
and the pitching disturbance torque are zero, it can be seen that the steady state response of the 
system to a desired pitch angle command is, indeed, the desired pitch angle. 
 
 
 
 
 
 
 
 
 
 
 
In practice open-loop control systems may not be able to meet the control requirements 
sufficiently. Closed-loop control system can be used to improve system performance without 
significantly complicating the control system. The closed-loop pitch control system with a PI-
controller is shown in Fig. 3.14. 
The differential equation for the closed-loop system is 
prefirefpip QkkkkkkkkKmBJ ′++′=+′++′′−+′′′ θθθθθθ )()(                                      (3.44) 
where pk  and ik  are the proportional gain and integral gain of the PI-controller respectively.  
The corresponding pitch control system is shown in Fig. 3.15. 
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Figure 3.13 Open-loop pitch control mechanism. 
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The transfer function of the closed-loop system is 
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θ               (3.45)                       
Applying the parameters recommended in [16]: 161=J , 41=− mB , 2== ip kk , and 
1== kK , the transfer function can be written as the following formula, which will be used in 
the developed wind turbine model. 
)7.453.3)(7.0(
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s pref
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θ                         (3.46) 
Assuming the pitching moment has been minimized, i.e. 0=pQ , the transfer function of 
the closed-loop system becomes 
)7.453.3)(7.0(
)()1(32
)( 2 +++
+
=
sss
ss
s ref
θ
θ                                                                             (3.47)       
 
3.3  Performance of the wind turbine  
 
3.3.1  Wind turbine description 
 
The wind turbine in this study is a 2 MW, horizontal axis, three-bladed, upwind wind 
turbine with speed control and pitch control. A 4-pole DFIG, using back-to-back PWM 
voltage source converters in the rotor circuit, is applied in the wind turbine. The parameters 
used in the wind turbine model are very close to that of a commercial wind turbine. 
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Figure 3.14 Closed-loop pitch control mechanism. 
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Figure 3.15 Closed-loop pitch control system. 
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The power curve of the wind turbine is shown in Fig. 3.16. It is seen from Fig. 3.16 that 
the wind turbine operates between the cut-in speed, 4 m/s, and the cut-out speed, 25 m/s. The 
output power of the wind turbine reaches the rated power, 2 MW, when the wind speed 
approaches the rated value, 17 m/s. The power curve is selected to achieve maximum energy 
capture in low wind speeds and, at the same time, the rated power in high wind speeds. 
The complete power-speed characteristic applied in the wind turbine is illustrated in Fig. 
3.17. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Section BC represents the optimum operation range. Within this range, the rotor speed is 
adjusted in proportion to the wind speed so that the optimal tip speed ratio is maintained which 
leads to a maximum wind power capture, while the pitch angle is kept constant. When the 
rotational speed of the generator rotor approaches the point D, the output power of the wind 
turbine reaches the rated value. At the point D, the rotational speed of the generator rotor is 
kept constant at the rated value as well as the wind turbine output power.  
 
Figure 3.16 Power curve of the wind turbine. 
 
Figure 3.17 Power-speed characteristic of the pitch controlled wind
turbine. 
 
          Power quality of grid-connected wind turbines with DFIG and their interaction with the grid 
 
56
It is not practicable to maintain optimum power extraction from cut-in up to the rated 
speed. Therefore, section AB and CD account for the transition ranges. The reason why 
section AB and CD are not vertical is that, if so, there will exist some problems because the 
desired power is not uniquely defined at minimum and rated generator rotor speed. The slight 
changes of the generator rotor speed around its minimum or its rated value will cause large 
power fluctuations. The power-speed characteristic shown in Fig. 3.17 is capable of solving 
the problems effectively.  
The parameters of the DFIG applied in the wind turbine are shown in details in Table 3.1. 
 
Table 3.1 Generator parameters 
Parameter Value 
Rated power ( ratedP ) 2 MW 
Rated voltage ( ratedU ) 0.69 kV 
Base angular frequency ( ratedw ) 314.16 rad/s 
Stator/ rotor turns ratio ( n ) 0.4333 
Angular moment of inertia ( WGJ ) 1.9914 p. u. 
Mechanical damping ( D ) 0.02 p. u. 
Stator resistance ( sr ) 0.0175 p. u. 
Rotor resistance ( rr ) 0.019 p. u. 
Stator leakage inductance ( lsL ) 0.2571 p. u. 
Rotor leakage inductance ( lrL ) 0.295 p. u. 
Mutual inductance ( mL ) 6.921 p. u. 
 
The gear ratio of the wind turbine is 100.5. The parameters of the inductor in series with 
the grid-side PWM voltage source converter are: HLR gg 0004.0,0084.0 =Ω= .  The value 
of the capacitor in the DC-link is set as: FC 03.0= .  
For the grid-side PWM voltage source converter, the parameters of the PI-controllers in 
the current control loops may be obtained based on the plant shown in (3.7) and the pole-
placement method introduced in § 3.1.3. The parameters of the PI controller in the DC-link 
voltage control loop may be calculated out with (3.39). Setting the rise time of the current 
control loops and the DC-link voltage control loop respectively as: stst rer 02.0,002.01 == , 
and applying a 20% design margin, the parameters of the PI-controllers in the vector-control 
scheme for the grid-side converter are listed in table 3.2, where the PI controller output limits 
are set as approximately 1.2 times the nominal values. 
 
Table 3.2 PI-controller parameters for grid-side converter 
 
Proportional gain 
( pk ) 
Integral gain 
( ia ) 
Upper limit Lower limit 
Current loops 0.5273 20.9440 470 -470 
DC-link voltage loop 0.3296 10.9861 970 -970 
 
Similarly, with respect to the rotor-side PWM voltage source converter, the parameters of 
the PI-controllers in the current control loops may be obtained based on the plant shown in 
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(3.14) and the pole-placement method introduced in § 3.1.3. The parameters of the PI 
controllers in the power control loops may be calculated out with (3.24). Setting the rise time 
of the current control loops and the power control loops respectively as: 
stst rr 02.0,002.0 21 == , and applying a 20% design margin, the parameters of the PI-
controllers in the vector-control scheme for the rotor-side converter are listed in table 3.3, 
where the PI controller output limits are set as approximately 1.2 times the nominal values. 
 
Table 3.3 PI-controller parameters for rotor-side converter 
 
Proportional gain 
( pk ) 
Integral gain 
( ia ) 
Upper limit Lower limit 
Current loops 0.5275 9.0240 710 -710 
Power loops -1.2037e-4 1.3183e3 970 -970 
 
 
3.3.2  Wind simulation 
 
The wind applied in this study is produced according to the wind model explained in 
Chapter 2. Since only one wind turbine will be considered in this investigation, the park scale 
wind model is not included and only the rotor wind model is applied.  
According to the wind model, different mean values and different turbulence intensities 
result in different wind speeds. The wind speeds with different mean values are shown in Fig. 
3.18, while the turbulence intensity is kept at 0.1. Though the turbulence intensity is the same, 
larger mean wind speed results in a wider variation of the wind speed. 
The wind speeds with different turbulence intensities are shown in Fig. 3.19, while the 
mean wind speed is kept at 10 m/s. It is seen from Fig. 3.19 that larger turbulence intensity 
leads to a wider variation of the wind speed. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
  Figure 3.18 Wind speeds with different mean values (The turbulence 
intensity is kept at 0.1). 
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3.3.3  Performances of the control schemes 
 
Performances of current control loops 
 
As described before, the control schemes are to be realized using cascade control. For the 
grid-side PWM voltage source converter, the inner current control loops are used for 
controlling the dq-axis line currents and the outer voltage control loop is used for keeping the 
DC-link voltage constant. For the rotor-side PWM voltage source converter, the inner current 
control loops are used for controlling the dq-axis rotor currents and the outer power control 
loops are used for controlling the stator active and reactive power. 
The performances of the control loops will be demonstrated from inside to outside step by 
step. First, the performances of the inner current control loops will be discussed in this section. 
To study the performances of the inner current control loops, the outer control loops are 
removed temporarily. Then, after putting the outer control loops back, the performances of the 
outer power control loops and DC-link voltage control loop are to be studied in the following 
sections. 
The requirements concerning the current control loops are set up as follows [17]: 
• the d- and q-axis currents should be decoupled for individual control. 
• the rise time of the current control loops has to be smaller than 2 ms by a step of 10% 
nominal power, which makes it possible that the power can be controlled to increase 
from no-load to full-load in a very short time. 
 
Figure 3.19 Wind speeds with different turbulence intensities (The mean
speed is kept at 10 m/s). 
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• the overshoot of the current control loops is acceptable, as the outer control loop will 
suppress it. It is chosen to accept 5% overshoot, thus the power converters will not be 
overloaded. 
The control scheme for studying the grid-side current control loops’ performances is 
illustrated in Fig. 3.20, in which the outer DC-link voltage control loop is removed. The 
reference values of the dq-axis line currents, refgqrefgd ii __ , , are set as step changes. The 
closed-loop step response of the grid-side current control loops is shown in Fig. 3.21. 
The rise time is approximately 2 ms, and there is no overshoot as the system is well 
damped. It is also seen that a step in either gdi  or gqi  causes the other current to oscillate. The 
oscillations of the currents are however very small and the obtained decoupling of the currents 
is therefore found useable. 
The control scheme for studying the rotor-side current control loops’ performances is 
demonstrated in Fig. 3.22, in which the outer power control loops are removed. The reference 
values of the dq-axis line currents, refqrrefdr ii __ , , are set as step changes. The closed-loop step 
response of the rotor-side current control loops is shown in Fig. 3.23. 
The step response of the rotor-side current control loops is similar to that of the grid-side 
current control loops. The rise time is approximately 2 ms, and there is no overshoot as the 
system is well damped. It is also seen that a step in either dri  or qri  has no obvious influence 
on the other current. Therefore, the decoupling of the currents is obtained. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
PWM2/3
3/2Voltage angle
calculation
3/2
3/2
PI
PI
ge Lw
ge Lw
refgdi _ +
-
gdu′
gdi
gqi
refgqi _ gqu′
+ -
-
+
+
+
gdu
*
gcdu
*
gcqu
- -
*
gcabcu
gL
gR
eθ
gabcu
gabci
αβgu
C
 
 
Figure 3.20 Grid-side current control loops implementation. 
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Figure 3.21 Step response of the grid-side current control loops. refgdi _
and refgqi _  are initially set to –100 A and 0 A, and at 0.01 s, refgdi _
changes to –50 A, at 0.02 s, refgqi _  changes to 50 A. The step from      –
100 A to –50A approximately corresponds to a step of 10% wind turbine 
nominal power. 
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Figure 3.22 Rotor-side current control loops implementation. 
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Performances of power control loops 
 
The outer power control loops are to be designed for controlling the stator-side active and 
reactive power independently. The power control loops generate reference values for the inner 
rotor current control loops. The demands concerning the power control loops are as follows 
[17]: 
• the stator-side active and reactive power should follow their respective reference 
values without any steady state error. 
• the stator active and reactive power should be fully decoupled for individual control. 
• the rise time of the power control loops must be less than 20 ms by a step of 10% 
nominal power, which makes it possible that the power can be controlled to increase 
from no-load to full-load in a very short time. 
• the overshoot of the power control loops is not acceptable, otherwise the power 
converter may be overloaded. 
The control scheme for studying the power control loops’ performances is the same as 
shown in Fig. 3.6. The reference values of the stator-side active and reactive power, 
refsrefs QP __ , , are set as step changes. The closed-loop step response of the power control 
loops is shown in Fig. 3.24. 
The rise time is approximately 20 ms, and there is no overshoot as the system is well 
damped. It can also be concluded that there are no steady state errors in the power control 
loops, and the active power and reactive power are well decoupled. 
 
Figure 3.23 Step response of the rotor-side current control loops. refdri _
and refqri _  are initially set to 200 A and 1000 A, and at 0.01 s, refdri _
changes to 400 A, at 0.02 s, refqri _ changes to 800 A. The step from 1000 
A to 800A approximately corresponds to a step of 10% wind turbine
nominal power. 
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Performance of the DC-link voltage control loop 
 
The aim of the DC-link voltage control is to keep it at a constant value regardless the 
changes of the wind turbine output power. The control scheme for studying the DC-link 
voltage control loop’s performance is the same as shown in Fig. 3.4. The reference value of 
the DC-link voltage, refdcu _ , is set to a constant. The response of the DC-link voltage to the 
above-mentioned step changes of the wind turbine output active and reactive power is 
illustrated in Fig. 3.25. 
As shown in Fig. 3.25, the step change of the wind turbine output active power causes the 
DC-link voltage to oscillate, and the oscillation is suppressed after approximately 30 ms, 
corresponding to the time required for the stepping power to settle to its new steady state 
value. It seems that the step change of the wind turbine output reactive power has less 
influence on the DC-link voltage. 
 
Performance of the pitch control loop 
 
Applying the transfer function described as (3.46) and neglecting any pitch moment, the 
step response of the pitch control loop is shown in Fig. 3.26. The rise time is approximately 
0.2 s and the overshoot is less than 10%.  
 
 
 
 
 
 
Figure 3.24 Step response of the power control loops. refsP _  and refsQ _
are initially set to -1000 kW and 0 kW, and at 0.01 s, refsP _  changes to -
1200 kW, at 0.05 s, refsQ _  changes to 200 kW. The step from -1000 kW
to –1200 kW is a step of 10% wind turbine nominal power. 
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3.3.4  Performance of the wind turbine  
 
The performance of the modeled wind turbine, which is described in details in section 
3.3.1, is studied here. The whole wind turbine model, together with the control schemes, is 
developed in the power system analysis tool PSCAD/EMTDC.  
As mentioned above, the two control schemes are respectively speed and pitch control 
scheme. In the speed control scheme, the reference value of stator-side active power is 
obtained via a look-up table for a given generator rotor speed. Both the stator-side and rotor-
side reactive power are normally controlled as zero for unity power factor operation. The 
reference value of the DC-link voltage is set as constant, 800 V. In the pitch control scheme, 
the reference pitch angle is obtained via a look-up table for a given wind speed. 
 
Figure 3.25 Performance of the DC-link voltage control loop. The 
reference value refdcu _  is set as 800 V. 
 
Figure 3.26 Step response of the pitch control loop. 
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Steady state performance 
 
When the wind speed is kept at a constant value, the steady state performance of the wind 
turbine can be studied. The steady state performance of the wind turbine is characterized by a 
group of curves. These curves illustrate the variation of the wind turbine output power, 
generator speed, pitch angle and power coefficient with the wind speed, as well as the 
variations of the wind turbine output power, and both stator-side and rotor-side output power 
with the generator speed.  The curves are shown in Fig. 3.27 – Fig. 3.33, in which the 
simulation results are compared with the design values which are calculated out. 
As shown in Fig. 3.27 – Fig. 3.33, the simulation curves are almost identical with the 
design curves. Therefore, it is concluded that the wind turbine model is capable to provide 
good enough steady state performance. 
In Fig. 3.27, the output power of the wind turbine increases as the wind speed rises, which 
results in larger losses in the stator and rotor resistance. Thus there is an obvious output power 
difference between the simulation curve and the design curve in high wind speeds. However, 
the efficiency of the generator is above 97.8% which is a very high value. 
From Fig. 3.27 – Fig. 3.30, it is seen that, in 5.5 m/s – 9 m/s, the generator speed is 
adjusted in proportion to the wind speed so that the optimal power coefficient is maintained 
which leads to a maximum wind power capture, while the pitch angle is kept constant. As the 
wind speed increases, the generator speed approaches the rated value and the output power of 
the wind turbine reaches the rated value too. Therefore, the pitch angle is changed to regulate 
the power coefficient as well as the output power, while the generator speed is kept constant at 
its rated value. 
Fig. 3.31 – Fig. 3.33 illustrate the output power variations with the generator speed. When 
the generator operates in sub-synchronous speeds, the rotor absorbs active power from the 
grid. On the contrary, if the generator operates in super-synchronous speeds, the rotor delivers 
active power to the grid. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 3.27 The wind turbine output power variation with wind speed
(design values (asterisk), simulated values (diamond)). 
 
Chapter 3. Control schemes and performance of grid-connected wind turbines with DFIG 
 
65
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 3.28 The generator speed variation with wind speed (design values 
(asterisk), simulated values (diamond)). 
 
 
Figure 3.29 The pitch angle variation with wind speed (design values 
(asterisk), simulated values (diamond)). 
 
 
Figure 3.30 The power coefficient variation with wind speed (design values 
(asterisk), simulated values (diamond)). 
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Figure 3.31 The wind turbine output power variation with generator
speed (design values (asterisk), simulated values (diamond)). 
 
Figure 3.32 The stator-side output power variation with generator speed 
(design values (asterisk), simulated values (diamond)). 
 
 
Figure 3.33 The rotor-side output power variation with generator speed
(design values (asterisk), simulated values (diamond)). 
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Dynamic performance 
 
As shown before, there are significant fluctuations in the simulated wind speed, which 
represents the spatial variations of the turbulence and the shadows behind the wind turbine 
towers. In such wind speeds, the dynamic performance of the wind turbine is investigated. 
Two time series of the wind speed are selected for studying the dynamic performance of 
the wind turbine. One wind speed has the mean value of 7 m/s, which lies in the optimal 
operation range of the wind turbine, and the other with 17 m/s, corresponding to the rated 
wind speed. The turbulence intensity values of both the wind speeds are set to 0.1. 
When the wind speed with a mean value of 7 m/s is applied, the wind speed and the 
dynamic performance of the wind turbine are shown in Fig. 3.34. 
As shown in Fig. 3.34, the generator speed is almost kept in proportion to the wind speed 
so that the power coefficient is optimal, approximately 0.402, which results in the maximum 
power capture, while the pitch angle is maintained at a constant value. The output power of the 
wind turbine exactly follows the variation of the wind speed. As the generator operates below 
the synchronous speed, the rotor subtracts active power from the grid. 
When the mean wind speed is at 17 m/s, the wind speed and the dynamic performance of 
the wind turbine are shown in Fig. 3.35. 
When the wind speed is above the rated value, 17 m/s, the pitch angle is modulated to 
provide proper values of the power coefficient so that the wind turbine output power is 
approximately maintained at the rated value as well as generator speed. In this condition, the 
efficiency of the generator is about 97.8%. As the generator operates in super-synchronous 
mode, the rotor delivers active power to the grid. 
The dynamic performances of the wind turbine both in low to moderate wind speeds and 
in high wind speeds meet the control goals for the variable speed wind turbines mentioned in 
the beginning of this chapter. Therefore, the wind turbine model can provide satisfactory 
dynamic performance, and can be applied to study the power quality issues of such kind of 
grid-connected wind turbines and their interaction with the grid. 
 
3.4  Summary 
 
In this chapter, the control schemes implemented in the grid-connected wind turbine model 
are described, which are mainly designed for speed control and pitch control. Under the 
control of the schemes, the performance of the grid-connected wind turbine model is 
illustrated in detail. 
The speed control scheme is composed by two vector-control schemes designed 
respectively for the grid-side and rotor-side PWM voltage source converter. The objective of 
the vector-control scheme for the grid-side PWM voltage source converter is to keep the DC-
link voltage constant regardless of the magnitude and direction of the rotor power. It may also 
be responsible for controlling reactive power flow into the grid. The vector-control scheme for 
the rotor-side PWM voltage source converter ensures decoupling control of stator-side active 
and reactive power drawn from the grid. It provides the generator with wide speed-range 
operation, which enables the optimal speed tracking for maximum energy capture from the 
wind. Two design methods, pole-placement and internal model control, are applied for 
designing the PI-controllers in the vector-control schemes. Pole-placement method is utilised 
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for designing PI-controllers in current control loops and power control loops, while internal 
model control is used to design the DC-link voltage controller. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 3.34 Wind speed, generator speed, pitch angle, power coefficient,
stator-side output active power, rotor-side output active power and wind
turbine output active power in the case of 7 m/s mean wind speed. 
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Figure 3.35 Wind speed, generator speed, pitch angle, power coefficient,
stator-side output active power, rotor-side output active power and wind 
turbine output active power in the case of 17 m/s mean wind speed. 
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The pitch control scheme simulates a simple pitch mechanism driven by an AC 
servomotor, which is employed to regulate the aerodynamic power produced by the wind 
turbine. 
The performances of the control schemes, respectively current control loops, power 
control loops, DC-link voltage control loop and pitch control loop, are illustrated, which meet 
the design requirements. The wind turbine is capable of providing satisfactory steady state and 
dynamic performances, which makes it possible that the wind turbine model can be applied to 
study the power quality issues of such kind of grid-connected wind turbines and their 
interaction with the grid. 
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Chapter 4 
Flicker emission of grid-connected wind 
turbines with DFIG 
 
 
 
 
 
 
As the wind power penetration into the grid increases very quickly, the influence of wind 
turbines on the grid power quality has drawn more and more attention. The international 
standard IEC 61400-21 is worked out for measurement and assessment of power quality 
characteristics of grid-connected wind turbines [1]. This standard defines and specifies the 
quantities to be determined for characterizing the power quality of a grid-connected wind 
turbine, and provides the measurement and assessment procedures of power quality 
characteristics. According to the standard, flicker is an important power quality aspect to be 
studied. 
Flicker is defined as “an impression of unsteadiness of visual sensation induced by a light 
stimulus, whose luminance or spectral distribution fluctuates with time” [2], which can cause 
consumer annoyance and complaint. Furthermore, flicker can become a limiting factor for 
integrating wind turbines into weak grids, and even into relatively strong grids where the wind 
power penetration levels are high. 
Variable speed wind turbines with DFIG are the most popular installed variable speed 
wind turbines worldwide [3]. Regarding to variable speed wind turbines, which have the 
ability to reduce power fluctuations, flicker emission is quite different from that generated by 
fixed speed wind turbines. Variable speed operation of the rotor has the advantage that the 
faster power variations are not transmitted to the grid but are smoothed by the flywheel action 
of the rotor.  
This chapter studies flicker emission of grid-connected wind turbines with DFIG during 
continuous operation. First, the reason why grid-connected wind turbines will cause the grid 
flicker during their operation is analysed. Then, a flickermeter model is developed according 
to the IEC standard IEC 61000-4-15 [4]. Next, based on the developed wind turbine model 
and the flickermeter model, flicker emission of grid-connected wind turbines with DFIG is 
investigated during continuous operation. Finally, the influence factors that affect flicker 
emission of grid-connected wind turbines, such as wind characteristics (mean speed, 
turbulence intensity) and grid conditions (short circuit capacity, grid impedance angle) are 
studied. The effects of the influence factors are compared with previous research results 
related to the fixed speed wind turbine.  
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4.1  The reason of flicker 
 
Flicker is induced by voltage fluctuations, which are caused by load flow changes in the 
grid. Grid-connected wind turbines may have considerable fluctuations in output power, which 
depend on the wind power generation technology applied. The flicker emission produced by 
grid-connected wind turbines during continuous operation is mainly caused by fluctuations in 
the output power due to wind speed variations, the wind gradient and the tower shadow effect 
[5]. 
As a consequence of the combination of wind speed variations, the wind gradient and the 
tower shadow effect, an output power drop will appear three times per revolution for a three-
blade wind turbine. This frequency is normally referred to as p3 . For fixed speed wind 
turbines with induction generators, power pulsations up to 20% of the average power at the 
frequency of p3  can be generated [6]. Frequency analyses of the output power from grid-
connected wind turbines show [7, 8], in addition to the dominating periodic component p3 , 
the p6 , p9 , p12  and p18  components are visible too. 
The simplified diagram of a grid-connected wind turbine is shown in Fig. 4.1. 
 
 
 
 
 
 
 
 
 
 
In Fig 4.1, the generator represents the wind turbine which is connected to the grid through 
a line, PCC represents the Point of Common Coupling, E&  is the voltage at the PCC [V], V&  is 
the voltage of the external grid [V], R  and X  are the line resistance and reactance [Ω], P  
and Q  are the active [W] and reactive [Var] power flow produced by the wind turbine 
respectively. 
The voltage change across the connection line may be approximately calculated with the 
following formula [9]: 
V
QXPRVE +=− &&                                                              (4.1)                       
Assuming the grid voltage is constant, any fluctuations in the active or reactive power 
produced by the wind turbine results in voltage fluctuations and flicker at the PCC. 
 
4.2  Flickermeter model 
 
The International Electrotechnical Commission (IEC) standardized a flickermeter that 
incorporates weighting curves that represent the response of the human eye to light variations 
produced in a 60 W, 230 V, 50 Hz, double-coiled filament incandescent lamp. The output of 
the flickermeter is given as per-unit flicker voltage, where one per unit is the level that should 
QP,
V&E&
jXR +
Generator GridPCC
 
 
Figure 4.1 Simplified diagram of a grid-connected wind turbine. 
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cause noticeable and annoying light flicker, with the perception threshold for 50% of the 
human population. On the basis of the output of flickermeter, a method is provided for the 
evaluation of short-term flicker severity, which is normally measured over a ten-minute period 
[4]. 
According to the IEC standard IEC 61000-4-15, a flickermeter model is developed to 
calculate the short-term flicker severity stP . The flickermeter architecture is described by the 
block diagram in Fig. 4.2, and can be divided into two parts, each performing one of the 
following tasks: 
1. voltage adaptation and simulation of the response of the lamp-eye-brain chain 
2. on-line statistical analysis of the flicker signal and presentation of the results 
 
 
 
 
 
 
 
 
 
 
 
Blocks 1, 2, 3, 4 in Fig. 4.2 perform the first task, while the second task is accomplished 
by block 5.  
“Block 1” scales the input voltage down to an internal reference level. In this way flicker 
measurement can be made independently of the actual input carrier voltage. 
“Block 2” recovers the voltage fluctuation by squaring the input voltage scaled to the 
reference level, thus simulating the behavior of a lamp. This block gives as a component of its 
output a voltage linearly related to the amplitude of the fluctuation modulating the input. 
“Block 3” is composed of a cascade of two filters. The first filter eliminates the DC and 
double mains frequency ripple component of the demodulator (“Block 2”) output (the 
amplitude of higher frequency components is negligible). The filter incorporates a first order 
high-pass (suggested 3 dB cut-off frequency at about 0.05 Hz) and a low-pass section, for 
which a 6th order Butterworth filter with a 35 Hz 3 dB cut-off frequency is applied.  
The second filter is a weighting filter that simulates the frequency response to sinusoidal 
voltage fluctuations of a coiled filament gas-filled lamp (60W, 230V) combined with the 
human visual system. The response function is based on the perceptibility threshold found at 
each frequency by 50% of the persons tested. This filter gives a band-pass response centered at 
8.8 Hz, providing a very specific weighting function within the frequency band of interest 
(0.05 – 30 Hz). A suitable transfer function for the weighting filter, assuming that the carrier 
suppression filter defined above has negligible influence inside the frequency bandwidth 
associated to voltage fluctuation signals, is of the following type: 
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where s  is the Laplace complex variable. Indicative values for the parameters are: 
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Figure 4.2 Block diagram of a flickermeter model. 
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“Block 4” is composed of a squaring multiplier and a first order low-pass filter with a time 
constant of 300 ms. This block performs two functions: 
• squaring of the weighted flicker signal to simulate the non-linear eye-brain perception. 
• sliding mean averaging of the signal to simulate the storage effect in the brain. 
The output from “Block 4” represents the instantaneous flicker level. 
“Block 5” performs an on-line analysis of the instantaneous flicker level. The statistical 
analysis can be divided into two parts. First, the cumulative probability function of the 
instantaneous flicker levels is established, and second, the short-term flicker severity stP  is 
calculated using a multipoint method. 
The cumulative probability function of the instantaneous flicker level gives percentages of 
observation time for which flicker levels have been exceeded. The cumulative probability, 
)(lp , that the instantaneous flicker level exceeds l  is defined as 
T
t
lp l=)(                                                                       (4.4) 
where lt  is the duration of time which the signal remains above l  and T  is the total 
observation time. This method has been termed “time at level classification”. For practical 
purposes, only a limited number of )(lp  curve points can be computed. The IEC standard 
states the analysis is to be performed with at least 6 bits resolution using at least 64 classes, 
and the minimum sampling rate is 50 samples per second. 
After the classification, the short-term flicker severity stP  can be calculated using a 
multipoint method according to the following equation: 
ssssst PPPPPP 5010311.0 08.028.00657.00525.00314.0 ++++=                            (4.5)                       
where the percentiles 1.0P , sP1 , sP3 , sP10  and sP50  are the flicker levels exceed for 0.1; 1; 3; 10 
and 50% of the time during the observation period.  
The suffix s  in the equation indicates that the smoothed value should be used; these are 
obtained using the following equations: 
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The 0.3s memory time-constant in the flickermeter ensures that 1.0P  cannot change 
abruptly and no smoothing is needed for this percentile. 
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4.3  Flicker emission of grid-connected wind turbines with 
DFIG 
 
This section is concentrated on flicker emission of grid-connected wind turbines with 
DFIG during continuous operation. The system studied here is shown in Fig. 4.3. It represents 
a typical situation, where a wind farm with DFIG represented by a single machine is integrated 
to the external power system represented by a constant voltage source connected in series with 
its Thevenin’s equivalent impedance. Bus 2 accounts for the PCC, where the short-term flicker 
severity is the study interest. The external power system is connected to bus 2 through a line 1-
2, where the impedance magnitude is 0.7562 Ω . The magnitude of the Thevenin’s equivalent 
impedance can be found out by the rated voltage and the short circuit capacity. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
The wind turbine has a 2 MW DFIG connected with a back-to-back PWM voltage source 
converter in the rotor circuit. The parameters of the generator are as shown in Table 3.1. The 
wind turbine generates 2 MW active power during rated state operation, while the output 
reactive power of the wind turbine is normally controlled as zero in order to keep unity power 
factor.  
The short-term flicker severity of bus 2, the PCC, is calculated on the basis of the voltage 
fluctuation. A base case with the parameters given in Table 4.1 is first considered, where the 
turbulence intensity, short circuit capacity ratio, grid impedance angle are defined as: 
)arctan( RX
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                                                         (4.7) 
where v∆  is the wind speed standard deviation, v  is the mean wind speed, kS  is the short 
circuit apparent power of the grid where the wind turbines are connected, nS is the rated 
apparent power of the wind turbines, R  and X  are the resistance and reactance of the grid 
line. 
The wind applied in this investigation is produced according to the wind model introduced 
in Chapter 2. Since only one wind turbine is considered in this case, the park scale wind model 
is not included and only the rotor wind speed is applied. The wind speed and the output power 
of the wind turbine in the base case are shown in Fig. 4.4. 
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Figure 4.3 Block diagram of the studied system for flicker emission. 
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Table 4.1 Base case for flicker simulation 
Parameter Value 
Mean wind speed ( v ) 9 m/s 
Turbulence intensity ( In ) 0.1 
Short circuit capacity ratio ( SCR ) 20 
Grid impedance angle ( kψ ) 50 deg 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
The wind turbine can operate in a wide speed range. In the base case, the turbine speed 
varies around 16 rpm, which corresponds to the p3  frequency of 0.8 Hz.  A frequency 
analysis of the wind speed and output power has been carried out, as shown in Fig. 4.5. The 
spectrum of the wind speed indicates that the p3  frequency component, due to the turbulence 
and the tower shadow effect, has been represented in the wind model. However, the higher 
frequency components, such as p6 , p9 , p12 , etc. are not included. The p3  frequency 
component is transmitted to the output power of the wind turbine, which will induce voltage 
fluctuations and flicker in the grid. 
Based on the voltage fluctuation at the PCC and the flickermeter model, the short-term 
flicker severity stP  in the base case is calculated out as 0.0444, which represents the flicker 
level in the case of a single wind turbine connected to a strong grid. It is recommended that in 
distribution networks a flicker emission of 35.0=stP  be considered acceptable for wind 
turbine installations [10]. For the wind turbines connected to the transmission networks, the 
flicker contribution from the wind turbines in the connection point shall be limited to be below 
3.0=stP  [11]. It is seen the flicker level in the base case is far below the required limits. 
However, for multiple wind turbines connected to a relatively weak grid, the flicker level may 
be significantly different. 
 
 
 
 
                          
Figure 4.4 Wind speed and output power of the DFIG wind turbine in the
base case. 
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4.4  The influence factors of flicker 
 
Flicker emission of grid-connected wind turbines depends on many factors, such as wind 
parameters, grid condition, etc. On the basis of the base case, the dependence of the DFIG 
wind turbine flicker emission on the following factors is studied, and a comparison is done 
with the case of the fixed speed wind turbine. 
• mean wind speed, v  
• turbulence intensity, In  
• short circuit capacity ratio, SCR  
• grid impedance angle, kψ  
In the following cases, the concerned influence factors are to be changed while the other 
parameters are kept constant as in the base case. 
 
4.4.1  Mean wind speed 
 
In the case of the fixed speed wind turbine, the flicker rises up at increasing wind speeds. 
The flicker level increases around three times from lower to higher wind speed. As for the 
pitch-controlled fixed speed wind turbine, due to gusts and the speed of the pitch mechanism, 
instantaneous power will fluctuate around the rated value of the power in high wind speeds. 
Variations in wind-speed of ±1 m/s may give power fluctuations with a magnitude of ±20%, 
which induces high flicker levels. With respect to the stall-regulated fixed speed wind turbine, 
 
                          
Figure 4.5 Spectrum of wind speed and output power of the DFIG wind
turbine in the base case. 
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in high wind-speed condition, variations in the wind speed also cause power fluctuations but 
with a smaller magnitude in comparison with a pitch-controlled turbine [5]. 
For the variable speed wind turbine with doubly fed induction generator, the variation of 
short-term flicker severity stP  with mean wind speed is illustrated in Fig. 4.6. As it is shown, 
in low wind speeds (less than 7.5 m/s), the stP  value is very low due to a small output power. 
Then the stP  value increases with an approximate linear relation to mean wind speed due to an 
increase in the turbulence in the wind, until it reaches 11.5 m/s. For higher wind speeds, where 
the wind turbine reaches rated power, the flicker level decreases. The reason is that the 
combination of the pitch angle modulation and the variable speed operation can significantly 
smooth out the turbulence-induced fluctuations reflected in the output power of the wind 
turbine. The decrease of the flicker level in high wind speeds indicates that, even though the 
pitch control scheme may dominate over the speed control scheme for limiting the power, the 
variable speed operation will smooth out the power fluctuation effectively and, thereby, limit 
the flicker. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
4.4.2  Turbulence intensity 
 
For the fixed speed wind turbine, the flicker level almost increases linearly with the 
increase of the turbulence intensity [12, 13]. For the variable speed wind turbine with DFIG, 
the relationship between the stP  and turbulence intensity varies with different mean wind 
speed, which is evident in Fig. 4.7.  
As it is shown, in low wind speeds (for example 9 m/s), the stP  has an almost linear 
relation with the turbulence intensity. The more turbulence in the wind results in a larger 
flicker emission. However, in high wind speeds (for example 18 m/s), where the wind turbine 
is controlled to keep the rated output power, the relationship between the stP  and turbulence 
intensity is quite different. When the turbulence intensity of the wind is low, the wind profile 
varies in a small range that corresponds to a rated output power. The stP  value is low due to a 
 
Figure 4.6 Short-term flicker severity stP variation with mean wind
speed ( 1.0=In , 20=SCR , °= 50kψ ). 
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small power fluctuation as a result of the aerodynamic regulation. As the turbulence intensity 
increases, the wind profile changes significantly which results in a large variation of output 
power. As a consequence, the flicker emission becomes serious. The wind speed and the 
output power fluctuations for different turbulence intensity values are demonstrated in Fig. 4.8 
and Fig. 4.9 respectively. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 4.7 Short-term flicker severity stP variation with turbulence
intensity ( smv /9=  (asterisk), smv /18=  (diamond), 20=SCR ,
°= 50kψ ). 
 
Figure 4.8 The wind speeds for different turbulence intensity values
( smv /18= ). 
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4.4.3  Short circuit capacity ratio 
 
In the case of variable speed wind turbine with DFIG, Fig. 4.10 illustrates an 
approximately inversely proportional relationship between the short-term flicker severity stP  
and the short circuit capacity ratio. This relationship also applies to the fixed speed wind 
turbine [5, 12, 14]. The higher the short circuit capacity ratio, the stronger the grid that the 
wind turbine is connected. As expected, the wind turbine would produce greater flicker in 
weak grids than in stronger grids. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 4.9 The output power for different turbulence intensity values
( smv /18= ). 
 
Figure 4.10 Short-term flicker severity stP variation with short circuit
capacity ratio ( smv /9= , 1.0=In , °= 50kψ ). 
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4.4.4  Grid impedance angle 
 
As seen from (4.1), the grid impedance angle is so important that the voltage changes from 
the active power flow may be cancelled by that from the reactive power flow. The determining 
factor is the difference between the grid impedance angle kψ  and the wind turbine power 
factor angle ψ  [12].  
With 
PQ
RXk
/tan
/tan
=
=
ψ
ψ
                                                                            (4.8) 
(4.1) can be described as 
V
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VE k
)tantan1( ψψ ⋅+
=− &&                                                   (4.9) 
When the difference between the grid impedance angle kψ  and the wind turbine power 
factor angle ψ  approaches 90 degrees, the flicker emission is minimized. 
The fixed speed wind turbine absorbs reactive power from the grid while it is generating 
active power. For the operating condition with fixed speed wind turbines, the minimum flicker 
emission occurs at a grid impedance angle between 60 to 70 degrees [12, 14]. The situation 
becomes different in the case of variable speed wind turbine with DFIG, which is capable of 
controlling the output active and reactive power.  
Normally the variable speed wind turbine with DFIG is controlled to operate at unity 
power factor, which means no reactive power is injected into or drawn from the grid. In this 
case, the resistance value of the grid is the determining factor that affects the flicker emission 
from the wind turbine. When the grid impedance angle increases, the resistance value 
decreases which results in a reduced flicker emission, as shown in Fig. 4.11. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 4.11 Short-term flicker severity stP  variation with grid
impedance angle in normal operation condition ( smv /9= , 1.0=In ,
20=SCR ).
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If the output power of the wind turbine follows a QP −  curve, as shown in Fig. 4.12, the 
reactive power will contribute to the flicker emission. The curve shown in Fig. 4.12 represents 
the QP −  relationship of a commercial variable speed wind turbine. In this situation, applying 
a mean wind speed, smv /16= , with a turbulence intensity, 2.0=In , the power factor angle 
ψ  is around 175 degrees.  Therefore, the minimum flicker emission occurs when the grid 
impedance angle kψ  approaches 8590 =−ψ  degrees, as shown in Fig. 4.13. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
4.5  Summary 
 
This chapter is concentrated on flicker emission of grid-connected wind turbines with 
DFIG during continuous operation. The flicker emission produced by grid-connected wind 
 
Figure 4.12 Relationship between the output active power and reactive
power of the wind turbine (negative reactive power means the wind
turbine absorbs reactive power from the grid). 
 
Figure 4.13 Short-term flicker severity stP  variation with grid
impedance angle in QP−  curve condition ( smv /16= , 2.0=In ,
20=SCR ).
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turbines during continuous operation is mainly caused by fluctuations in the output power due 
to wind speed variations, the wind gradient and the tower shadow effect. To evaluate the 
flicker levels produced by grid-connected wind turbines with DFIG, a flickermeter model is 
developed according to the IEC standard IEC 61000-4-15. The flickermeter simulates the 
response of the lamp-eye-brain chain and presents the short-term flicker severity stP  using on-
line statistical analysis. 
Based on the developed wind turbine model and the flickermeter model, flicker emission 
of grid-connected wind turbines with DFIG is investigated during continuous operation. 
Simulation results show that the wind characteristics (mean speed, turbulence intensity) and 
the grid conditions (short circuit capacity, grid impedance angle) have significant effects on 
the flicker emission of the variable speed wind turbine with DFIG. 
In low wind speeds, the stP  value is very low due to a small output power. Then the stP  
value increases with an approximate linear relation to mean wind speed due to an increase in 
the turbulence in the wind. For higher wind speeds, where the wind turbine reaches rated 
power, the pitch angle modulation and variable speed operation smooth out significantly the 
turbulence-induced fluctuations reflected in the output power of the wind turbine, which 
results in the reduced flicker levels. 
In low wind speeds, the stP  has an almost linear relation with the turbulence intensity. 
However, in high wind speeds, the relationship between the stP  and turbulence intensity is 
quite different. When the turbulence intensity of the wind is low, the wind profile varies in a 
small range that corresponds to a rated output power. The stP  value is low due to a small 
power fluctuation as a result of the aerodynamic regulation. As the turbulence intensity 
increases, the wind profile changes significantly which results in a large variation of output 
power. As a consequence, the flicker emission becomes serious. 
There exists an approximately inversely proportional relationship between the stP  and the 
short circuit capacity ratio. 
The grid impedance angle kψ  has an significant influence on flicker emission of grid-
connected wind turbines with DFIG. When the difference between the grid impedance angle 
kψ  and the wind turbine power factor angle ψ  approaches 90 degrees, the flicker emission is 
minimized. 
 The effects of the influence factors are compared with previous research results related to 
the fixed speed wind turbine. In particular, the effects of mean wind speed, turbulence 
intensity and grid impedance angle are different from that in the case of the fixed speed wind 
turbine. 
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Chapter 5 
Flicker mitigation of grid-connected wind 
turbines with DFIG 
 
 
 
 
 
 
Even though variable speed wind turbines have good performance with respect to flicker 
emission, flicker mitigation becomes necessary as the wind power penetration level increases. 
As described in Chapter 4, flicker is mainly induced by voltage fluctuations caused by the 
variation in the output power of grid-connected wind turbines. Any fluctuations in the active 
or reactive power produced by grid-connected wind turbines results in voltage fluctuations and 
flicker at the coupling point of the wind turbines. 
It is possible to regulate the reactive power flow on the connection line, thus the voltage 
fluctuation caused by the active power flow can be compensated by that caused by the reactive 
power flow. Grid-connected wind turbines with DFIG are capable of controlling the output 
active and reactive power independently, which makes it possible that the reactive power flow 
on the connection line can be regulated by controlling the wind turbines output power. 
Regulating the reactive power flow on the connection line can also be realized by using 
reactive power compensation devices, such as STATCOM. 
This chapter focuses on flicker mitigation of grid-connected wind turbines with DFIG 
during continuous operation, which is realized by controlling the wind turbines output reactive 
power and using STATCOM. First, the principle of flicker mitigation of grid-connected wind 
turbines is analysed. Next, the output reactive power control of the wind turbine is applied to 
mitigate the flicker levels. Finally, flicker mitigation is realized by using STATCOM. The 
model and control scheme of the STATCOM are described and validated by simulations.  
 
5.1  The principle 
 
Considering the system illustrated in Fig. 4.1, (4.9) may be rewritten as follows: 
k
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k
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It is seen from (5.1) that, when the difference between the grid impedance angle kψ  and 
the wind turbine power factor angle ψ  approaches 90 degrees, the voltage variation as well as 
the corresponding flicker level is reduced. Therefore, at a given grid impedance angle, it is 
possible to control the reactive power flow on the connection line so that the power factor 
angle ψ  may approach the value of 90+kψ , which leads to a reduced flicker level. In this 
situation, the voltage fluctuation caused by the active power flow is compensated by that 
caused by the reactive power flow. 
The variable speed wind turbine with DFIG is capable of controlling the output active and 
reactive power independently. Normally the output reactive power of the wind turbine is 
controlled as zero to keep unity power factor. It is possible that the wind turbine output 
reactive power is regulated  to vary with the output active power by the grid-side PWM 
voltage source converter control, thus the wind turbine power factor angle may be changed. 
When this angle approaches the value of 90+kψ , the flicker levels are reduced. 
The control of reactive power flow on the connection line as well as the flicker mitigation 
can also be realized by using reactive power compenstation devices. The reactive power 
compensation devices may change the reactive power flow  on the connection line, thus the 
power factor angle may be regulated to approach the value of 90+kψ  to relieve the flicker 
levels. 
The most commonly used device for flicker mitigation is the Static Var Compensator 
(SVC). However, the STATCOM has received much more attention recently [1-4]. Compared 
with the SVC, the STATCOM has many advantages, such as overall superior functional 
characteristics, better performance, faster response, smaller size, and cost reduction [5]. Some 
research results also showed that the STATCOM is superior to the SVC with respect to flicker 
mitigation [6, 7]. 
The STATCOM, consisting of a voltage source converter, uses advanced power switches 
to provide fast response and flexible voltage control for power quality improvement, which is 
suitable to application with rapidly fluctuating loads. Using high frequency PWM, the 
converter will create smooth current with low harmonic content.  
 
5.2  Flicker mitigation by control of wind turbine output 
reactive power 
 
This section concentrates on flicker mitigation of grid-connected wind turbines with DFIG 
by controlling the wind turbine output reactive power during continuous operation. The 
studied system is the same as shown in Fig. 4.3. The parameters of the generator are as shown 
in Table 3.1. A base case with parameters given in Table 5.1 is first considered, where the grid 
impedance angle, 63.4 degrees, corresponds to 2/ =RX . In the base case, the short-term 
flicker severity at bus 2, the Point of Common Coupling (PCC), is calculated on the basis of 
the voltage variation and equals to 0.0322. 
As mentioned above, the variable speed wind turbine with DFIG is capable of controlling 
the output active and reactive power independently.  It is possible that the wind turbine output 
reactive power is regulated to vary with the output active power by the grid-side PWM voltage 
source converter control, thus the wind turbine power factor angle may be changed. For a 
desired power factor angle, the reference value of the output reactive power refrQ _  can be 
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calculated with reference to the measured output active power. The difference between the 
wind turbine power factor angle and the grid impedance angle significantly affects the flicker 
emission of the grid-connected wind turbine. Fig. 5.1 shows the dependence of flicker 
emission on the angle difference ( kψψ − ). The power factors, which correspond to the 
different angle differences, are also listed in Fig. 5.1. The MVAR requirements can be 
calculated with the power factors. It is seen that, when the angle difference kψψ −  equals to 
90 degrees, the flicker level is minimized.  In this study, the limit of the PWM voltage source 
converter capacity is not taken into account. 
 
Table 5.1 Base case for simulation of flicker 
Parameter Value 
Mean wind speed ( v ) 9 m/s 
Turbulence intensity ( In ) 0.1 
Short circuit capacity ratio ( SCR ) 20 
Grid impedance angle ( kψ ) 63.4 deg 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
The voltage fluctuations at the PCC in the case with output reactive power control, i.e. the 
angle difference kψψ −  is regulated to be 90 degrees, are compared with that in the case of 
normal operation, i.e. the wind turbine output reactive power is zero. In the case with output 
reactive power control, the power factor of the wind turbine is -0.894, while the power factor 
is kept as unity during the wind turbine normal operation. The results are shown in Fig. 5.2, in 
which negative reactive power means the wind turbine absorbs reactive power from the grid. It 
is seen from Fig. 5.2(d) and Fig. 5.2(f) that, with output reactive power control, the voltage 
fluctuations at PCC are significantly relieved, which leads to a reduced flicker level. The 
voltage difference between the two cases is caused by the difference between the reactive 
power flows on the connection line. 
 
 
Figure 5.1 Short-term flicker severity stP  variation with the angle
difference )( kψψ −  and the corresponding power factors ( smv /9= ,
1.0=In , 20=SCR , °= 4.63kψ , negative power factor means the wind
turbine absorbs reactive power from the grid). 
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This law applies to other cases with different parameters. Fig. 5.3 – Fig. 5.6 illustrate the 
flicker level differences between the case with output reactive power control and the case of 
normal operation, under different parameters, such as mean wind speed, turbulence intensity, 
 
Figure 5.2 Comparison between the case with output reactive power
control and the case of normal operation  ( smv /9= , 1.0=In , 20=SCR , 
°= 4.63kψ ). (a) Wind speed; (b) Wind turbine output active power; (c)
Wind turbine output reactive power in the case of normal operation; (d)
Voltage at the PCC in the case of normal operation; (e) Wind turbine 
output reactive power in the case with output reactive power control; (f)
Voltage at the PCC in the case with output reactive power control. 
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and short circuit capacity ratio. The relationships between the short-term flicker severity stP  
and different parameters in both cases are quite similar. However, compared with the case of 
normal operation, when the angle difference ( kψψ − ) is regulated to be 90 degrees by 
controlling the wind turbine output reactive power, the flicker level is significantly reduced. 
From Fig. 5.3 – Fig. 5.6, it can be concluded that regulating the angle difference ( kψψ − ) 
by controlling the wind turbine output reactive power is an effective means for flicker 
mitigation regardless of mean wind speed, turbulence intensity and short circuit capacity ratio. 
It is seen from Fig. 5.1 that, by implementing this measure for flicker mitigation, an amount of 
reactive power may be absorbed from the grid. It is not necessary to realize the full voltage 
fluctuation compensation, i.e. the angle difference kψψ −  is controlled to be 90 degrees, 
which will cause a large amount of reactive power absorbed from the grid. If only a small 
amount of reactive power is absorbed from the grid, which is controlled to be proportional to 
the generated active power, the angle difference kψψ −  may become nearer to 90 degrees 
which results in a reduced flicker level. Meanwhile, the absorbed reactive power may lower 
the high voltage at the wind turbine terminal which may be caused by the wind turbine 
generated active power. 
In this investigation, the output reactive power control of the DFIG wind turbine is 
realized by the grid-side PWM voltage source converter, which may bring a consequence that 
the rating of the power converter will be high. If the output reactive power control of the DFIG 
wind turbine is realized by the rotor-side PWM voltage source converter, the generator 
currents will rise up which results in a higher power losses in the generator. There exists 
another solution that the output reactive power control of the DFIG wind turbine may be 
achieved by both the grid-side and the rotor-side PWM voltage source converter. Therefore, 
the reactive power flow is distributed into both the generator stator and the grid-side PWM 
voltage source converter, which may overcome the shortcomings brought by the former two 
solutions. No matter which solution is applied, the flicker emission of the DFIG wind turbines 
will be relieved provided that the angle difference kψψ −  is controlled to become nearer to 90 
degrees. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 5.3 Short-term flicker severity stP variation with mean wind speed
( 1.0=In , 20=SCR , °= 4.63kψ , normal operation (asterisk), with output
reactive power control (diamond)). 
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Figure 5.4 Short-term flicker severity stP variation with turbulence
intensity in low wind speeds ( smv /9= , 20=SCR , °= 4.63kψ , normal
operation (asterisk), with output reactive power control (diamond)). 
 
Figure 5.5 Short-term flicker severity stP variation with turbulence
intensity in high wind speeds ( smv /18= , 20=SCR , °= 4.63kψ , normal
operation (asterisk), with output reactive power control (diamond)). 
 
Figure 5.6 Short-term flicker severity stP  variation with short circuit 
capacity ratio ( smv /9= , 1.0=In , °= 4.63kψ , normal operation (asterisk), 
with output reactive power control (diamond)).
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5.3  Flicker mitigation using STATCOM 
 
Since the PWM voltage source converter capacity is limited, in some situations the 
converter is not able to provide enough reactive power for full compensation of voltage 
fluctuation caused by the active power flow. Therefore, reactive shunt compenstors with larger 
capacities, such as STATCOM, may be applied to mitigate the flicker levels during continuous 
operation of grid-connected wind turbines. 
The STATCOM can be applied at any voltage level with a coupling transformer. In the 
studied system, a STATCOM is connected in shunt to the PCC (bus 2) through a transformer, 
which is shown in Fig. 5.7, where refdcu _  is the reference value of the DC-link voltage, refQ  is 
the reference value of the reactive power flow between the grid and the converter. 
The STATCOM consists of a controllable PWM voltage source converter. The voltage 
source converter is preferred compared to the current source converter because the devices are 
clamped against over-voltages by the voltage across the DC-link capacitor bank, the losses are 
lower and the devices do not have to be able to withstand a large reverse voltage [8]. 
The function of the PWM voltage source converter is a fully controllable voltage source 
matching the grid voltage in frequency, with the amplitude and phase which can be 
continuously and rapidly controlled, so as to be used as the tool for reactive power control. A 
current is injected into the power system, which depends upon the difference between the 
converter output voltage and the grid voltage (and the impedance connecting the two voltage 
sources). By control of the voltage source converter output voltage in relation to the grid 
voltage, the voltage source converter will appear as a generator or absorber of reactive power. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
5.3.1  Simplified model of PWM voltage source converter 
 
As mentioned before, for a detailed PWM voltage source converter model, the power 
electronic components should be switched on and off at a high frequency (few kHz or higher), 
PWM
VSC Control
Bus 2
Measured
Variables
Transformer
Filter
refQ
refdcu _
 
Figure 5.7 Block diagram of STATCOM. 
 
          Power quality of grid-connected wind turbines with DFIG and their interaction with the grid 
 
96
which requires a very small simulation time step to well represent the PWM waveforms. The 
simulation speed is thus fairly slow. Therefore, the detailed PWM voltage source converter 
model is unsuitable for flicker calculation that requires a long simulation time. 
Since the study interest is not concentrated on the switches of the PWM voltage source 
converter, an average model without switches is used so that the simulation can be carried out 
with a larger time step resulting in a simulation speed improvement [9], which is the same as 
the average model applied for the grid-side and rotor-side PWM voltage source converters in 
the wind power generation system. 
The average model is built based on the energy conservation principle. The average model 
assumes that the PWM voltage source converter will ideally reproduce the reference voltages 
from the control scheme, with the limitation from the DC-link voltage value. Thus the 
preferred voltages are directly applied to the grid without any switches. 
 
5.3.2  Control scheme for STATCOM 
 
A vector-control scheme is developed for the STATCOM, which is similar to the vector-
control scheme for the grid-side PWM voltage source converter in the DFIG wind turbine. The 
vector-control approach, with a reference frame oriented along the grid voltage vector 
position, enables independent control of the active and reactive power flowing between the 
grid and STATCOM. The PWM voltage source converter is current regulated, with the d-axis 
current used to regulate the DC-link voltage and the q-axis current used to regulate the 
reactive power. Fig. 5.8 shows the schematic of the STATCOM, where abcu  are the three 
phase grid voltages [V], 1abcu  are the three phase converter voltages [V], cba iii ,,  are the three 
phase converter currents [A], R  and L  are the filter resistance [ Ω ] and inductance [H], dcu  
is the DC-link voltage [A], dci  is the DC current [A], C  is the DC-link capacitor [F]. 
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Figure 5.8 Schematic of STATCOM used for flicker mitigation. 
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The voltage balance across the filter is 
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Using the abc-to-dq transformation matrix introduced before, the corresponding equation 
in a dq reference frame rotating at ew  is 
1
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where qd uu ,  are the grid voltages [V] in d- and q-axis, 11 , qd uu  are the converter voltages [V] 
in d- and q-axis, qd ii ,  are the converter currents [A] in d- and q-axis. 
The active and reactive power flows between the grid and the converter are  
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The angular position of the grid voltage is calculated as 
α
βθ
u
u
dtwee
1tan−== ∫                                                           (5.5) 
where αu  and βu  are the stationary dq-axis grid voltage components [V]. 
Aligning the d-axis of the reference frame along the grid voltage position given by (5.5), 
qu  is zero, and du  is constant because the amplitude of the grid voltage is assumed to be 
constant. Therefore, the active power and reactive power between the grid and the converter 
will be proportional to di  and qi  respectively 
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Neglecting harmonics due to the switching and the losses in the resistance and the 
converter, following is valid 
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where m  is the PWM modulation depth of the voltage source converter. 
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From equation (5.6) and (5.7), it is seen that the reactive power flow can be controlled via 
qi , and the DC-link voltage can be controlled via di . 
The currents di  and qi  can be regulated using 1du  and 1qu  respectively. The control 
scheme thus utilizes the current control loops for di  and qi , with the di  demand being derived 
from the DC-link voltage error and the qi  derived from reactive power flow error. 
The vector-control scheme with a cascaded control structure for the STATCOM is shown 
in Fig. 5.9, where * 1abcu  are the reference values of the three phase converter voltages [V], 
*
1
*
1 , qd uu  are the reference values of the converter voltages [V] in d- and q-axis, 
** , qd ii  are the 
reference values of the converter currents [A] in d- and q-axis, refdcu _  is the reference value of 
the DC-link voltage [V], refQ  is the reference value of the reactive power flow between the 
grid and the converter [W]. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
As the same as before, PI-controllers are applied in this study for their simplicity and 
robustness. A pole-placement method is utilised for designing PI-controllers in current control 
loops and power control loop, while internal model control is used to design the DC-link 
voltage controller. 
From (5.3), the plant for the current control loops is given by: 
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Figure 5.9 Vector-control scheme for STATCOM. 
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where 
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In (5.9) the terms in brackets constitute voltage-compensation terms. 
The effective transfer functions of the reactive power control loop can be derived from 
(5.6) as: 
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The effective transfer function of the DC-link voltage control loop can be derived from 
(5.7): 
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The parameters of the filter in series with the STATCOM are: 
HLR 00083.0,0173.0 =Ω= .  The value of the capacitor in the DC-link is set as: 
FC 03.0= . The reference value of the DC-link voltage refdcu _  is set to 1200 V.  
Similar to the PI-controller design in Chapter 3, the pole-placement method is applied to 
design the PI-controllers in the current control loops and the power control loop, while internal 
model control is employed to design the DC-link voltage controller. 
The parameters of the PI-controllers in the current control loops may be obtained based on 
the plant shown in (5.8) and the pole-placement method introduced in § 3.1.3. The parameters 
of the PI controller in the power control loop may be calculated out with (3.24). The 
parameters of the PI controller in the DC-link voltage control loop may be determined by 
(3.39). Setting the rise time of the current control loops, the power control loop and the DC-
link voltage control loop respectively as: ststst rerr 02.0,02.0,002.0 21 === , and applying a 
20% design margin, the parameters of the PI-controllers in the vector-control scheme for the 
STATCOM are listed in table 5.2, where the PI controller output limits are set as 
approximately 1.2 times the nominal values. 
 
Table 5.2 PI-controller parameters for STATCOM 
 
Proportional gain 
( pk ) 
Integral gain 
( ia ) 
Upper limit Lower limit 
Current loops 1.0897 20.9440 680 -680 
Power loop -1.1833e-4 1.3183e3 1000 -1000 
DC-link voltage loop 0.3296 10.9861 1000 -1000 
 
 
5.3.3  Flicker mitigation using STATCOM 
 
In this section flicker mitigation using STATCOM during continuous operation of the 
grid-connected wind turbine with DFIG is studied. The studied system, the generator 
parameters and the base case are the same as introduced in § 5.2. The STATCOM is connected 
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in shunt to bus 2 (PCC) to mitigate the flicker levels. With the vector-control scheme, the DC-
link voltage and the reactive power generated or absorbed by the STATCOM can be 
controlled via the d-axis and q-axis current respectively. Normally the DC-link voltage is kept 
as constant. The reactive power generated or absorbed by the STATCOM may be varied with 
the output active power of the wind turbine. 
Since the wind turbine output reactive power WTGQ  is normally controlled as zero to keep 
the unity power factor, regulating the reactive power generated or absorbed by the 
STATCOM, STATQ , may change the reactive power flow on the line 1-2. The power flow in 
the studied system is schematically shown in Fig. 5.10.  
As mentioned before, when the difference between the grid impedance angle kψ  and the 
line power factor angle ψ  approaches 90 degrees, the flicker emission is relieved. Therefore 
the reactive power absorbed by the STATCOM, STATQ , can be controlled in proportion to the 
wind turbine output active power, WTGP , so that the power factor angle ψ  of the line 1-2 is 
adjusted to approach the value of 90+kψ  degrees to relieve the flicker level. For a desired 
power factor angle, the reference value of the STATCOM reactive power refSTATQ _  can be 
calculated with reference to the measured wind turbine output active power WTGP . 
The dependence of flicker emission on the angle difference ( kψψ − ) is shown in Fig. 5.11. 
The power factors, which correspond to the different angle differences, are also listed in Fig. 
5.11. The MVAR requirements can be calculated with the power factors. It is seen that as the 
angle difference approaches 90 degrees the flicker level decreases. 
The voltage fluctuations at the PCC in the case with STATCOM, i.e. the angle difference 
kψψ −  is regulated to be 90 degrees, are compared with that in the case without STATCOM. 
In the case with STATCOM, the power factor of the line 1-2 is -0.894, while the power factor 
is kept as unity in the case without STATCOM. The comparison results are shown in Fig. 
5.12, in which negative reactive power means the STATCOM absorbs reactive power from the 
grid. It is seen from Fig. 5.12(d) and Fig. 5.12(f) that, with STATCOM, the voltage 
fluctuations at PCC are significantly relieved, which leads to a reduced flicker level. The 
voltage difference between the two cases is caused by the difference between the reactive 
power flows on the connection line. 
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Figure 5.10 Schematic of power flow in the studied system with wind turbine 
and STATCOM. 
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This law applies to any cases with any parameters. Fig. 5.13 – Fig. 5.16 illustrate the 
flicker level differences between the cases with and without STATCOM under different 
parameters, such as mean wind speed, turbulence intensity, and short circuit capacity ratio. 
The relationships between the short-term flicker severity stP  and different parameters in both 
cases are quite similar. However, compared with the case without STATCOM, when the angle 
difference ( kψψ − ) is regulated to be 90 degrees by controlling the reactive power flow of the 
STATCOM, the flicker level is significantly reduced. 
From Figs. 5.13–5.16, it can be concluded that regulating the angle difference ( kψψ − ) by 
controlling the reactive power flow of the STATCOM is an effective means for flicker 
mitigation in any cases with any mean wind speed, turbulence intensity and short circuit 
capacity ratio. It is not necessary to realize the full voltage fluctuation compensation, i.e. the 
angle difference kψψ −  is controlled to be 90 degrees, which will cause a large amount of 
reactive power flow into the STATCOM. If only a small amount of reactive power is absorbed 
by the STATCOM, which is controlled to be proportional to the wind turbine generated active 
power, the angle difference kψψ −  may become nearer to 90 degrees which results in a 
reduced flicker level. Meanwhile, the controlled reactive power flow on the connection line 
may lower the high voltage at the wind turbine terminal which may be caused by the wind 
turbine generated active power. 
Comparing the effects of flicker mitigation by wind turbine output reactive power control 
and using STATCOM, it is found that both measures are effective to the DFIG wind turbine. 
In the case of output reactive power control, the grid-side PWM voltage source converter 
behaves similarly to a STATCOM connected to the wind turbine terminal. The difference is 
the grid-side converter is already there without any additional cost for a DFIG. For a single 
wind turbine connected to the grid, the former flicker mitigation measure is preferred for its 
effectiveness and economy. However, for a grid-connected wind farm comprising many wind 
turbines, the STATCOM may be utilized for its effectiveness and much bigger capacity. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 5.11 Short-term flicker severity stP variation with the angle 
difference )( kψψ −  using STATCOM, with the corresponding power factors
( smv /9= , 1.0=In , 20=SCR , °= 4.63kψ , negative power factor means the 
STATCOM absorbs reactive power from the grid). 
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Figure 5.12 Comparison between the two cases with and without
STATCOM  ( smv /9= , 1.0=In , 20=SCR , °= 4.63kψ ). (a) Wind speed; (b)
Wind turbine output active power; (c) Reactive power absorbed by the
STATCOM in the case without STATCOM; (d) Voltage at the PCC in the
case without STATCOM; (e) Reactive power absorbed by the STATCOM
in the case with STATCOM; (f) Voltage at the PCC in the case with
STATCOM. 
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Figure 5.13 Short-term flicker severity stP variation with mean wind speed
( 1.0=In , 20=SCR , °= 4.63kψ , without STATCOM (asterisk), with
STATCOM (square)). 
 
 
Figure 5.15 Short-term flicker severity stP variation with turbulence
intensity in high wind speeds ( smv /18= , 20=SCR , °= 4.63kψ , without
STATCOM (asterisk), with STATCOM (square)). 
 
 
Figure 5.14 Short-term flicker severity stP variation with turbulence 
intensity in low wind speeds ( smv /9= , 20=SCR , °= 4.63kψ , without 
STATCOM (asterisk), with STATCOM (square)). 
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5.4  Summary 
 
This chapter proposes two measures to mitigate the flicker levels produced by grid-
connected wind turbines with DFIG during continuous operation. These two measures are 
based on the idea of reactive power compensation, respectively by controlling the wind turbine 
output reactive power and using STATCOM. 
The principle of flicker mitigation by reactive power compensation is described first. 
When the reactive power flow on the connection line is regulated to vary with the active 
power flow so that the power factor angle ψ  may approach the value of 90+kψ , the flicker 
levels are reduced. In this situation, the voltage fluctuation caused by the active power flow is 
compensated by that caused by the reactive power flow. 
Based on the principle, flicker mitigation is realized by controlling the wind turbine output 
reactive power and using STATCOM during the continuous operation of grid-connected wind 
turbines with DFIG. Simulation results demonstrate that these two measures are effective for 
flicker mitigation regardless of mean wind speed, turbulence intensity and short circuit 
capacity ratio. 
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Chapter 6 
Voltage recovery of grid-connected wind 
turbines with dynamic slip control 
 
 
 
 
 
 
The continuous increase of wind power penetration level brings a result that wind power 
generation gradually becomes an important component of power generation in the grid, which 
makes the study on the interaction between the wind turbines and the grid necessary and 
imperative, especially in some critical situations.  
The system operators, who are responsible for maintaining power system stability and 
reliable power supply, have formulated specifications regarding grid integration of wind 
power generation. According to the specification in Denmark [1], at a short-circuit fault in the 
external grid, the voltages at the wind turbine terminals should be re-established after the fault 
clearance without any power loss caused by disconnection of wind turbines. The similar 
requirements can be found in the specifications in Germany, the Netherlands, England and 
Wales [2]. The reason is, when the wind power penetration level is high, a number of thermal 
power plants in the power system are closed so that the available power reserves is reduced, 
then the protective disconnection of a large amount of wind power will be an unacceptable 
consequence that may threaten the power system stability. 
To investigate the voltage recovery issue of grid-connected wind turbines with DFIG after 
the clearance of an external short-circuit fault is a basic motivation for this research work. The 
analysis is started with the voltage recovery issue of grid-connected wind turbines with 
dynamic slip control, which are simple, cost-effective, partially variable speed wind turbines, 
for gaining a good understanding of the transient responses of induction generators in an 
external short-circuit situation. 
Regarding fixed speed wind turbines with conventional induction generators, the voltage 
recovery after the clearance of an external system fault may be assisted with dynamic reactive 
compensation, adjustment of relay settings of wind turbines, and control ability of wind 
turbines [3-5]. Adjusting the protective relay settings may be necessary for the wind turbines 
to stay grid-connected for a longer time during the fault situations, which makes it possible to 
re-establish the voltage with other means. The requirement of adjusting the protection relay 
settings has been reflected in the specifications for grid integration of wind power generation 
[2]. In this investigation, the overcurrent and undervoltage relay settings are chosen as shown 
in Table 6.1 [3]. 
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Table 6.1 Protective relay settings 
Adjusted relay setting Limit Max. time 
Overcurrent 3.0 p.u. 20 ms 
Undervoltage 0.7 p.u. 0.5 sec 
 
However, the arrangement of adjusting the relay settings alone is not enough to solve the 
whole problem of re-establishing the voltage at the wind turbine terminal. 
This chapter demonstrates the voltage recovery assisted with control abilities of grid-
connected wind turbines with dynamic slip control. First, the model of a variable speed wind 
turbine with dynamic slip control in the simulation tool of PSCAD/EMTDC is presented. The 
control schemes, respectively dynamic slip control and pitch control, are described. Next, the 
transient process of grid-connected wind turbines after an external short-circuit fault is 
analyzed. Finally, voltage recovery of grid-connected wind turbines is realized by dynamic 
slip control, pitch control and combined control. An emergency pitch regulation scheme is 
developed, which is applied in the case of pitch control. 
 
6.1  Modelling and control of grid-connected wind turbines 
with dynamic slip control 
 
6.1.1  Wind turbine model 
 
The variable speed wind turbine with wound rotor induction generator is considered which 
is equipped with dynamic slip control and pitch control. This topology is a very low-cost and 
simple variable speed system. Compared with the doubly fed induction generator, the wound 
rotor induction generator with dynamic slip control operates in a much smaller speed range 
above synchronous speed.  
The complete wind turbine model includes the wind speed model, the aerodynamic model 
of the wind turbine, the mechanical model of the transmission system and models of the 
electrical components, namely the wound rotor induction generator, capacitor banks for 
reactive power compensation, transformer, and the control system. Fig. 6.1 illustrates the main 
components of the wind turbine. 
 
 
 
 
 
 
 
 
 
 
 
The wind speed model, the aerodynamic model of the wind turbine and the mechanical 
model of the transmission system are the same as explained in Chapter 2. 
Wind
Gearbox Generator Transformer
Turbine
Capacitor
Grid
3 3
 
 
Figure 6.1 Block diagram of a grid-connected wind turbine. 
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The simulation software PSCAD/EMTDC provides dedicated models for the electrical 
components of the wind turbine, namely induction generator, capacitor bank for reactive 
power compensation and transformer, etc. The generator in this study is a wound rotor 
induction machine. Besides the electromagnetic description, the generator model in 
PSCAD/EMTDC also contains the mechanical inertia of the generator rotor. 
Wound rotor induction generators usually permit intervention via the slip rings. Wind 
turbines are subject to random periodic output fluctuations due to wind speed fluctuations, 
tower-shadowing effects, natural resonance of components, etc. Regulating the slip value can 
significantly relieve the drive train stress and reduce output power fluctuations. In this wound 
rotor induction generator model, an external resistor is connected to the rotor through power 
electronic devices and may be adjusted to change the generator slip. 
 
6.1.2  Control schemes 
 
The wind turbine may be controlled through two ways: dynamic slip control and pitch 
control. It is possible for the wind turbine to adjust the electromagnetic torque and the 
aerodynamic torque by dynamic slip control and pitch control. 
 
Dynamic slip control 
 
The induction generator electromagnetic torque – slip curves are shown in Fig. 6.2 [6], 
where rr  is the rotor resistance, 1s  is a high slip value which will be explained later. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
It is seen from Fig. 6.2 that the rotor circuit resistance has a significant influence on the 
electromagnetic torque – slip curves. As the rotor circuit resistance increases, the 
electromagnetic torque – slip curve moves towards the left, while the maximum value of the 
electromagnetic torque is kept constant. Therefore, when the load torque is constant, it is 
possible to regulating the generator slip by changing the rotor circuit resistance. 
For a continuous adjustment of slip, a rapid change of rotor circuit average resistance 
between short-circuited rotor winding and full resistance of an external resistor in the rotor 
circuit can be implemented by a switching device as shown in Fig. 6.3 to produce output-
smoothed or efficient operating areas [7]. Thus, in the partial-load area, low slip values can be 
set and altered slightly to achieve a high level of efficiency. 
Slip
rr
Torque
1s
 
 
Figure 6.2 Diagrammatic sketch of induction generator electromagnetic
torque – slip curves for different rotor resistances. 
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The average resistance in series with the rotor circuit is expressed as 
rDr sa ⋅=                                                                                             (6.1) 
where ar  is the average resistance in series with the rotor circuit [Ω], r  is the full resistance 
of the external resistor [Ω], toffs TTD =  is the switching duty ratio of the semiconductor 
switch, where offT  is the switch off time [s] and tT  is the switching period [s]. 
In practice, below rated torque, the generator acts just like a conventional induction 
machine. The average resistance in series with the rotor circuit is quite small, which 
guarantees a low power loss in the rotor circuit. Once the rated torque is reached, the resistors 
in series with the rotor circuit are adjusted by switching the semiconductor switch on and off 
at several kHz, and the average resistance is changed by varying the switching duty ratio. As 
the average resistance increases, the generator torque-slip curve changes so that the power is 
kept at the rated value. 
 
Pitch control 
 
It is known from the aerodynamic model of the wind turbine that the aerodynamic 
efficiency is strongly influenced by variation of the blade pitch with respect to the direction of 
the wind or to the plane of rotation. Regulating the rotor blades provides an effective means to 
regulate or limit the turbine power in high wind speed, storm, or other abnormal conditions.  
Below rated wind speed, the wind turbine should simply be trying to produce as much 
power as possible, so there is generally no need to vary the pitch angle. The aerodynamic 
power below rated wind speed is generally lower than above rated, so again there is no need to 
modulate it using pitch control. Above rated wind speed, the pitch angle is regulated to keep 
the aerodynamic power as well as the wind turbine output power at the rated value. 
The pitch control mechanism applied in this wind turbine model is the same as in Fig. 3.12 
in Chapter 3. 
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Figure 6.3 Dynamic slip control of wind turbine by three-phase external
resistor with direct current pulsing. 
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6.2  Transient analysis 
 
For a grid-connected wind turbine with conventional induction generator, during a short-
circuit fault in the external grid, the short circuit current arises, the voltage at the wind turbine 
terminal drops, which leads to the reduction in the output electrical power and the 
electromagnetic torque. Assuming the aerodynamic torque is kept constant, any reduction in 
the electromagnetic torque causes the rotor to accelerate. After the clearance of the fault, 
reactive power is supplied by the power system to recover the air-gap flux. This causes high 
inrush current to be drawn by the wind turbine from the power system, which in turn causes a 
voltage drop at the wind turbine terminal. The resulting electromagnetic torque acts on the 
rotor in a direction opposite to that of aerodynamic torque applied by wind turbine. If the 
electromagnetic torque is greater than the aerodynamic torque, the rotor speed is forced to 
slow down and the wind turbine retains its normal operating condition eventually. On the 
contrary, the rotor speed could continue to increase until appropriate protection devices trip it. 
In this situation, the voltage at the wind turbine terminal is unable to be restored [8]. 
It is concluded from the analysis above that there are two measures in principle which help 
to recover the voltage after the clearance of an external short-circuit fault, respectively 
increasing the electromagnetic torque or decreasing the aerodynamic torque. Regarding to a 
wind turbine with dynamic slip control, after the clearance of an external short-circuit fault, 
the electromagnetic torque may be strengthened by adjusting the generator slip, and the 
aerodynamic torque may be reduced by regulating the pitch angle, which help to slow the rotor 
speed down and re-established the voltage at the wind turbine terminal. 
 
6.3  Voltage recovery of grid-connected wind turbines with 
dynamic slip control 
 
This section is concentrated on voltage recovery of grid-connected wind turbines with 
dynamic slip control after the clearance of an external short-circuit fault. The study has been 
conducted on the system as shown in Fig. 6.4, where a load at bus 2 is supplied by a wind 
farm with wound rotor induction generators represented by a single machine and by the 
external power system represented by a constant voltage source connected in series with its 
Thevenin’s equivalent impedance. The external power system connects to the bus 2 through 
two parallel lines, and the bus 2 is the Point of Common Coupling (PCC). 
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Figure 6.4 Schematic diagram of the simulated system. 
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The wind turbine drives a 2 MW wound rotor induction generator. The generator 
parameters are the same as shown in Table 3.1. During rated state operation the wind turbine 
generates 2 MW active power, which is half of the local load at the PCC. At the same time, the 
wound rotor induction generator absorbs 1.34 MVA reactive power. The capacitors at the 
wind turbine terminal supply most of the reactive power required by the generator and only a 
small portion is supplied by the external power system. 
The wind applied in this investigation is produced according to the wind model introduced 
in Chapter 2. Since only one wind turbine is considered in this case, the park scale wind model 
is not included and only the rotor wind speed is applied. The wind speed is shown in Fig. 6.5. 
The fault event is a three-phase to ground short-circuit fault on one of the two parallel lines. It 
begins at 2 s and after 150 ms the line is tripped.  
As explained earlier, during the fault period the voltage at the wind turbine terminal drops 
as well as the air-gap flux in the generator, which leads to the reduction in the electro-
magnetic torque. Since the aerodynamic torque is almost constant at this moment, any 
reduction in the electro-magnetic torque causes the rotor to accelerate. After the clearance of 
the fault, the electro-magnetic torque recovers. In this studied post-fault situation, the 
electromagnetic torque is not strong enough in comparison with the aerodynamic torque to 
force the rotor speed down, the induction generator could draw high inrush current from the 
external power system until appropriate protection devices trip it. In this condition, voltage at 
the wind turbine terminal dips and the output power of wind turbine drops. Then the wind 
power generation system loses stability and the wind turbine has to be disconnected. The wind 
turbine terminal voltage, aerodynamic and electromagnetic torque, and the wind turbine output 
active power in the case of unstable situation are shown in Fig. 6.5, where WT  is the 
aerodynamic torque [Nm] and GT  is the electromagnetic torque [Nm].  
 
6.3.1  Voltage recovery assisted by pitch control 
 
From the aerodynamic model of the wind turbine, it can be seen that it is possible to 
control the aerodynamic torque of the wind turbine by regulating the blade pitch angle. After 
the clearance of the fault, increasing the pitch angle may reduce the aerodynamic torque, 
which helps to slow the rotor speed down and re-establish the voltage at the wind turbine 
terminal. 
As described in the specification [1], it should be possible to reduce the power production 
of the wind turbine from any arbitrary operational point to below 20% of the rated power in 
less than two seconds. Ordering the power reduction means that the pitch angle shall be moved 
to the positions where the wind turbine produces 20% of the rated power at given wind speeds. 
The power reduction of the wind turbine may be realized by the emergency pitch 
regulation scheme as shown in Fig. 6.6, where eqv  is the equivalent wind speed, lim_WP  is the 
limit of the aerodynamic power in case of emergency, which is set to 20% of the wind turbine 
rated power, 30 2 eq
AvP ρ=  is the wind power, lim_pC  is the power coefficient corresponding to 
lim_WP , norref _θ  is the reference value of the pitch angle during normal operations, emref _θ  is 
the reference value of the pitch angle in the case of emergency, refθ  is the reference value of 
the pitch angle in the pitch control mechanism as shown in Fig. 3.12 in Chapter 3. 
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Figure 6.5 Wind speed, voltage, torque and the wind turbine output
active power in the case of an unstable situation during a grid fault. 
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Figure 6.6 Emergency pitch regulation scheme. 
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During normal operation, the reference value of the pitch angle is obtained via a look-up 
table for a given wind speed. In the case of emergency, the aerodynamic power limit, 20% of 
the wind turbine rated power, is applied to the pitch regulation scheme, which gives out 
corresponding power coefficients lim_pC . Considering the relationship between the power 
coefficient pC , the tip speed ratio λ  and the pitch angle θ  as described in (2.12) and (2.13) in 
Chapter 2, the reference value of the pitch angle in case of emergency emref _θ  is calculated out 
based on lim_pC  and λ . The switch between the normal reference value norref _θ  and the 
emergency reference value emref _θ  is controlled by the voltage changes at the wind turbine 
terminal. 
In this investigation, it is assumed that a control signal to order the reduction of the power 
as well as the aerodynamic torque is given when the RMS voltage at the wind turbine terminal 
has been below 0.80 p.u. for at least 100 ms [5]. A 150 ms delay is introduced taking into 
account the signal transmission and the pitch angle calculations. The pitch rate is limited to 
±10º/sec.  
Fig. 6.7 shows the case of re-establishing the voltage by regulating the blade pitch angle 
after the clearance of the short-circuit fault. During the short-circuit fault, i.e. 2 – 2.15 s, the 
short circuit current arises, the voltage at the wind turbine terminal drops. Due to the voltage 
dip, the output electrical power and the electromagnetic torque are significantly reduced. Since 
the aerodynamic torque is almost kept invariable, any reduction in the electro-magnetic torque 
causes the rotor to accelerate. After the clearance of the fault, i.e. 2.15 s, reactive power is 
supplied by the power system to recover the air-gap flux. This causes high inrush current to be 
drawn by the wind turbine from the power system, which in turn causes a voltage drop at the 
wind turbine terminal.  
Since approximately 2.25 s, the pitch angle is regulated to reduce the aerodynamic torque. 
It can be seen from Fig. 6.7 that the aerodynamic power is reduced to 20% of the rated power 
in about two seconds, which helps to slow the rotor speed down and re-establish the voltage at 
the wind turbine terminal. After the voltage has been recovered, i.e. approximately 4.6 s, the 
reference value of the pitch angle is switched back to the normal reference value, which results 
in that the pitch angle is adjusted to a low value to produce more power.  It is concluded from 
Fig. 6.7 that pitch control is an effective measure for voltage recovery. 
 
6.3.2  Voltage recovery assisted by dynamic slip control 
 
Another way to stabilize the whole system is to strengthen the electromagnetic torque after 
the clearance of the fault, which can be realized by controlling the external resistor added to 
the rotor to change the generator’s torque-slip curve. It is quick and convenient to switch the 
semiconductor on and off to change the switching duty ratio, which means the average 
resistance in series with the rotor changes. Assuming the inertia of the generator and wind 
turbine is large, the rotor speed keeps constant when the average resistor changes. As the 
generator’s torque-slip curve has been changed, the electromagnetic torque changes too.  
Normally the switch duty ratio is kept at a very low value. As a result, the external resistor 
added to the rotor is small which leads to a low power loss in the rotor circuit. In the event of 
fault, the generator rotor speed rises up, i.e. the absolute magnitude of the generator slip  will 
increase, e.g. to 1s , as shown in Fig. 6.2. In this situation, increasing the rotor resistance will 
change the generator’s torque-slip curve that may result in the improvement of the 
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electromagnetic torque. To effectively help the wind turbine terminal voltage recovery after 
the short-circuit fault, the switch duty ratio is directly regulated to the maximum value, 1, to 
increase the electromagnetic torque as much as possible. 
Fig. 6.8 shows the contribution of dynamic slip control to voltage recovery. The transient 
analysis is similar to that in case of pitch control. To compare the effects of the proposed 
measures, it is assumed that the same control signal with the same time delay in the last 
section is given to start the switch duty ratio regulation. Since approximately 2.25 s, the 
switching duty ratio is changed to strengthen the electromagnetic torque, which helps to slow 
the rotor speed down and re-establish the voltage at the wind turbine terminal. Since the 
switching duty ratio may be changed without any rate limit, the generator rotor speed is 
quickly slowed down and the voltage is recovered faster than that in case of pitch control. 
After the voltage has been recovered, i.e. approximately 4.3 s, the switch duty ratio is adjusted 
back to the initial value to gain higher efficiency.   
There is another advantage of dynamic slip control for voltage recovery. The aim of pitch 
control is to reduce the aerodynamic torque driven by the wind turbine, which means a 
reduction of input power of the wind turbine system. However, dynamic slip control 
overcomes this shortcoming by re-establishing the voltage without reducing the input power. 
 
6.3.3  Voltage recovery assisted by combined control 
 
The pitch angle and the generator slip can be regulated at the same time to help to rebuild 
the voltage after the short-circuit fault, as shown in Fig. 6.9. The transient analysis is similar to 
that in the above two cases. To compare the effects of the proposed measures, it is assumed 
that the same control signal with the same time delay in last two sections is given to start the 
pitch angle and switch duty ratio regulation. Since approximately 2.25 s, the pitch angle and 
switching duty ratio are regulated to reduce the aerodynamic torque, and at the same time, to 
strengthen the electromagnetic torque, which helps to rebuild the voltage at the wind turbine 
terminal. After the voltage has been recovered, i.e. approximately 3.5 s, the reference value of 
the pitch angle is switched back to the normal reference value, and the switch duty ratio is 
adjusted back to the initial value. It can be seen that the voltage recovery with combined 
control is quicker than that in the former two cases, individually with pitch control or dynamic 
slip control, which means the combined control is a better way to recover the voltage. 
 
6.4  Summary 
 
This chapter proposes several measures for voltage recovery of grid-connected wind 
turbine with dynamic slip control after the clearance of an external short-circuit fault. A model 
of grid-connected wind turbines with dynamic slip control is developed in the power system 
analysis software PSCAD/EMTDC, and the control schemes, respectively dynamic slip 
control and pitch control, are described. 
Then transient analysis is carried out for the post-fault process of grid-connected wind 
turbine. It is concluded from the analysis that increasing the electromagnetic torque or 
decreasing the aerodynamic torque helps to recover the voltage after the clearance of an 
external short-circuit fault. 
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Figure 6.7 Wind speed, voltage, torque, generator rotor speed,
current, active power and pitch angle in the case of pitch control
at voltage recovery. 
 
Chapter 6. Voltage recovery of grid-connected wind turbines with dynamic slip control 
 
119
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 6.8 Wind speed, voltage, torque, generator rotor speed,
current, active power and switching duty ratio in the case of
dynamic slip control at voltage recovery. 
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Figure 6.9 Wind speed, voltage, torque, generator rotor speed,
current, active power, pitch angle and switching duty ratio in the
case of combined control at voltage recovery. 
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Regarding a wind turbine with dynamic slip control, after the clearance of an external 
short-circuit fault, the electromagnetic torque may be strengthened by adjusting the generator 
slip, and the aerodynamic torque may be reduced by regulating the pitch angle, which help to 
slow the rotor speed down and re-established the voltage at the wind turbine terminal. 
Simulation results demonstrate that pitch control, dynamic slip control and combined control 
are effective measures for voltage recovery of grid-connected wind turbines with dynamic slip 
control. An emergency pitch regulation scheme is developed and applied in the case of pitch 
control. 
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Chapter 7 
Voltage recovery of grid-connected wind 
turbines with DFIG 
 
 
 
 
 
 
From the work carried out in Chapter 6, a good understanding is achieved with respect to 
the transient analysis of the post-fault process of grid-connected wind turbines. Several 
measures, such as increasing the electromagnetic torque or decreasing the aerodynamic torque 
after the fault clearance, are proved to be effective for voltage recovery of grid-connected 
wind turbines. Based on the acquired knowledge, the voltage recovery of grid-connected wind 
turbines with DFIG may be studied much easily.  
Grid-connected wind turbines with DFIG, the most popular installed variable speed wind 
turbines worldwide, have shown better behaviours concerning system stability during short-
circuit faults in the external grid in comparison with wind turbines with conventional 
induction generators [1, 2, 3]. One of the important reasons may be its control flexibility. Until 
now, there are few literatures related to voltage recovery of variable speed wind turbines with 
DFIG after the clearance of an external short-circuit fault. 
This chapter studies the voltage recovery issue of grid-connected wind turbines with DFIG 
after the clearance of an external short-circuit fault, which starts from a description of the 
studied system and the protection scheme implemented in the DFIG. Then, the transient 
process of a grid-connected wind turbine with DFIG after an external short-circuit fault is 
analyzed. The performances of the wind turbine as well as the control schemes in the post-
fault situation are described in detail. At last, in critical post-fault situations, a new control 
strategy is proposed to re-establish the wind turbine terminal voltage after the fault clearance, 
and then restore the normal operation of the wind turbine. 
 
7.1  Studied system 
 
The studied system is illustrated in Fig. 7.1, which is much similar to the system in Fig. 
6.4. The load at bus 2 is supplied by a wind farm with DFIG represented by a single machine 
and by the external power system represented by a constant voltage source connected in series 
with its Thevenin’s equivalent impedance. The external power system connects to bus 2 
through two parallel lines, and bus 2 is the Point of Common Coupling (PCC). 
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The wind turbine drives a 2 MW DFIG connected with a back-to-back PWM voltage 
source converter in the rotor circuit. Table 3.1 provides the parameters of the generator in 
detail. During rated state operation the wind turbine generates 2 MW active power, while the 
output reactive power of the wind turbine is normally controlled to be zero in order to keep 
unity power factor. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Suitable protection should be provided in wind power generation systems to minimise the 
effects of possible abnormal operating conditions. Since there exist power electronic devices 
in the rotor circuit, protection schemes are implemented in the rotor circuit in the wind power 
generation system, besides the protection devices shown in Table 6.1. The rotor current limit 
and DC-link voltage limit are included in the DFIG model, which are set depending on the 
wind turbine capacity and converter rating. In this study 1.5 times nominal value is 
implemented for both rotor current limit and DC-link voltage limit. The excess of either limit 
will activate the protection, which short-circuits the generator rotor and deactivates the rotor-
side converter, while the induction generator and the grid-side converter are kept in connection 
with the grid. 
The transient stability of the wind power generation system after an external short-circuit 
fault depends on many factors, such as fault conditions and network parameters [4, 5]. 
Different network parameters and fault conditions lead to different post-fault situations. In this 
investigation, two kinds of situations are studied which depend on whether the rotor protection 
devices are triggered or not. 
When the situation after the short-circuit fault is not serious enough to trigger the rotor 
protection devices, the control schemes of the DFIG operates as normal and try to restore the 
wind turbine’s normal operation after the fault is cleared. The transient process after the fault 
should be analysed in detail, and the performances of the wind turbine as well as the control 
schemes should be illustrated. If the situation after the short-circuit fault is serious enough, the 
protection devices in the rotor circuit will be triggered which yields a result that the generator 
rotor is short-circuited and the rotor-side converter is deactivated. In this situation, effective 
measures should be proposed to re-establish the voltage at the wind turbine terminal and 
restore the wind turbine’s normal operation after the fault clearance. 
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Figure 7.1 Diagram of the simulated system with wind turbine and grid. 
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7.2  Transient analysis of the post-fault process 
 
This section analyses the post-fault process of the grid-connected wind turbine with DFIG 
when the rotor protection devices are not triggered. In this study the wind turbine is connected 
to the external grid with two long-distance parallel lines, which corresponds to the impedance 
3528.16764.0 jZ += . The wind speed applied here is produced according to the wind model 
introduced in Chapter 2. The fault event applied in this investigation is a single-phase to 
ground short-circuit fault at the mid-point of one of the two parallel lines. The fault begins at 2 
s and after 150 ms the line is tripped. The simulation results for the transient process in the 
external short-circuit fault situation are shown in Fig. 7.2, where WT  is the aerodynamic torque 
[Nm] and GT  is the electromagnetic torque [Nm]. 
During the post-fault transient process, the DC-link voltage remains below 1.5 times 
nominal value, which will not trigger the protection devices in the rotor circuit. It is seen from 
the simulation results that the control schemes operate as normal and are capable of forcing 
the rotor speed down and re-establishing the voltage at the wind turbine terminal after the 
clearance of the short-circuit fault.  
Immediately after the fault occurs, the stator voltage and flux drop, which results in the 
significant reduction in the electromagnetic torque and power. Since the aerodynamic torque is 
almost constant at this moment, any reduction in the electromagnetic torque causes the rotor to 
accelerate. After the fault is cleared at 2.15 s, as a result of control, the electromagnetic torque 
and power increase, which forces the generator rotor speed down. After a short time of 
oscillation, the voltage at the wind turbine terminal is rebuilt and the wind turbine retrieves its 
normal operation. During the transient process the control schemes try to control the wind 
turbine output reactive power as zero. It can also be noticed that the rotor-side active power 
increases when the DC-link voltage rises up during the fault. 
The transient process is divided into two stages as follows, and in each stage the 
performances of the control schemes are analysed in detail. The corresponding simulation 
results are shown in Fig. 7.3 where the timing axis is zoomed. 
 
7.2.1  During the fault 
 
It is learned from (3.13) in Chapter 3 that the DFIG stator-side active and reactive power 
are (in generator mode) 
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Additionally, the electromagnetic torque is proportional to the q-axis rotor current (in 
generator mode) [6]: 
qr
s
s
s
m
G iw
u
L
L
pT
2
3
=                                                               (7.2) 
The control schemes of the DFIG have been illustrated in Fig. 3.4 and Fig. 3.6 in Chapter 
3. 
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Immediately after the fault occurs at 2 s, the voltage at the wind turbine terminal drops. It 
is seen from (7.2) that the voltage dip will lead to a decrease of the electromagnetic torque, 
which is demonstrated in Fig. 7.3. Since the aerodynamic torque is almost kept constant at this 
moment, any reduction in the electromagnetic torque causes the generator rotor to increase. 
It is known from (7.1) that, as the stator voltage dips, the stator-side active power sP  
decreases, which is identified in Fig. 7.3. The drop of sP  causes the active power difference 
srefs PPP −=∆ _  to increase. After the amplification by the PI-controller in Fig. 3.6, the active 
power difference increase results in the rise of the reference value of the q-axis rotor current 
*
qri , as shown in Fig.7.3.  
Normally the stator-side reactive power sQ  is controlled as zero, i.e. )(
ss
s
dr
s
m
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L
−  in 
(7.1) should be zero. When the short-circuit fault occurs, the stator voltage dips, which leads 
to the increase of )(
ss
s
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L
−  from zero. Since the stator voltage su  does not equal to zero, 
the stator-side reactive power starts to rise from zero, which is identified in Fig. 7.3. Similarly, 
the rise of sQ  makes the reactive power difference srefs QQQ −=∆ _  to decrease. After the 
amplification by the PI-controller in Fig. 3.6, the reactive power difference decrease results in 
the drop of the reference value of the d-axis rotor current *dri , as illustrated in Fig.7.3.  
The variations of *qri  and *dri  are reflected in the changes of the injected q- and d-axis rotor 
voltage drqr uu , , which manage to control sP  and sQ  to approach their reference values, as 
demonstrated in Fig. 7.3.  
As the fault occurs the DC-link voltage increases. However, the control scheme for the 
grid-side converter then tries to control the DC-link voltage back to its reference value as 
shown in Fig. 7.3.  
 
7.2.2  After the clearance of the fault 
 
Once the short-circuit fault is cleared at 2.15 s, the voltage at the wind turbine terminal 
starts to rise. It is known from (7.3) that the electromagnetic torque will increase with the 
voltage rise, which is evident in Fig. 7.3. As the aerodynamic torque is almost kept constant at 
this moment, the increasing electromagnetic torque forces the generator rotor speed down. 
Similar to the analysis mentioned above, as a result of the voltage rise, the stator-side 
active power sP  increases while the stator-side reactive power sQ  decreases, which lead to 
P∆  drop and Q∆  rise. After the amplification by the PI-controllers in Fig. 3.6, the power 
differences changes respectively result in *qri  decrease and *dri  increase, as illustrated in 
Fig.7.3. The variations of *qri  and *dri  are reflected in the changes of the injected q- and d-axis 
rotor voltage drqr uu , , which manage to control sP  and sQ  to approach their reference values. 
It is seen from Fig. 7.3 that the wind turbine restores its normal operation after a short-time 
oscillation. 
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Figure 7.2 Wind speed, DC-link voltage, rotor-side active power,
wind turbine voltage, torque, generator rotor speed, current,
active power and reactive power in the case when the rotor
protection devices are not triggered. 
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Figure 7.3 Electromagnetic torque, generator rotor speed, stator-side
active power, reference value of the q-axis rotor current, stator-side
reactive power, reference value of the d-axis rotor current, DC-link
voltage in the case when the rotor protection devices are not
triggered. 
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7.3  Control strategy for voltage recovery 
 
This section investigates the voltage recovery issue of grid-connected wind turbines with 
DFIG when the rotor protection devices are triggered. In this study the wind turbine is 
connected to the external grid with two short-distance parallel lines, which corresponds to the 
impedance 3382.01691.0 jZ += . The wind speed applied here is produced according to the 
wind model introduced in Chapter 2. The fault event applied here is a three-phase to ground 
short-circuit fault at the mid-point of one of the two parallel lines. The fault begins at 2 s and 
after 150 ms the line is tripped.  
A new control strategy is proposed to contribute to re-establish the voltage at the wind 
turbine terminal without any wind turbine disconnection after a short-circuit fault. This control 
strategy takes advantage of the benefits of pitch controlled variable speed wind turbine. To 
carry out the control strategy, the emergency pitch regulation scheme mentioned in Chapter 6 
is applied.  
After an occurrence of a short-circuit fault in the external networks, the following control 
steps are performed: 
1. The excess of either the rotor current limit or the DC-link voltage limit will activate the 
protection to short-circuit the generator rotor and deactivate the rotor-side converter, 
while the induction generator and the grid-side converter are kept in connection with 
the grid.   
2. Regulating the pitch angle reduces the aerodynamic power, which helps to force the 
generator rotor speed down and re-establish the voltage at the wind turbine terminal. 
3. After the clearance of the short-circuit fault and the voltage recovery of the wind 
turbine, the rotor-side converter is put back into work and the DFIG restores it normal 
operation. 
In Fig. 7.4 the simulation results for the control strategy implemented in the studied 
system are shown, where WT  is the aerodynamic torque [Nm] and GT  is the electromagnetic 
torque [Nm]. The post-fault transient process is divided into three stages as follows. 
 
7.3.1  Protection device activation 
 
Immediately after the fault occurs, the short-circuit current increases and the stator voltage 
and flux drop towards zero. The rotor current also increases which causes the rise of the rotor 
voltage and the DC-link voltage. Meanwhile, the drop of the stator voltage and flux results in a 
significant reduction in the electromagnetic torque and power. Assuming the aerodynamic 
torque is kept constant, any reduction in the electromagnetic torque causes the rotor to 
accelerate. 
Once the DC-link voltage exceeds the limit for at least 40 ms, at approximately 2.05 s, the 
generator rotor is short-circuited and the rotor-side converter is deactivated while the grid-side 
converter is kept in connection with the grid, which is responsible for keeping the DC-link 
voltage constant and ensuring zero reactive power flow between the converter and the grid. 
From this moment on, the generator behaves as a conventional induction generator. It has been 
noticed that the DC-link voltage begins to decrease after the protection trip and retains its 
nominal value quickly. 
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Figure 7.4 Wind speed, voltage, stator current, DC-link voltage,
torque, generator rotor speed, active power, reactive power and pitch
angle in the case when the rotor protection devices are triggered. 
 
Chapter 7. Voltage recovery of grid-connected wind turbines with DFIG 
 
131
7.3.2  Voltage recovery 
 
After the clearance of the fault, reactive power is supplied by the power system to recover 
the air-gap flux. This causes a high inrush current to be drawn by the wind turbine from the 
power system, which in turn causes a voltage drop at the wind turbine terminal. The resulting 
electromagnetic torque acts on the rotor in a direction opposite to that of the aerodynamic 
torque applied by the wind turbine.  
If the electromagnetic torque is not strong enough in comparison with the aerodynamic 
torque, the rotor speed will continue to increase and the induction generator could draw high 
inrush current from the external power system until appropriate protection devices trip it. In 
this condition, voltage at the wind turbine terminal dips and the output power of wind turbine 
drops, as shown in Fig. 7.5. Then the system loses stability and the wind turbine has to be 
disconnected. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 7.5 Wind speed, voltage, torque and active power of the
wind turbine in the unstable situation where the electromagnetic 
torque is relatively weak. 
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As mentioned in Chapter 6, increasing the pitch angle may reduce the aerodynamic torque, 
which helps to slow the rotor speed down and re-establish the voltage at the wind turbine 
terminal. An emergency pitch regulation scheme, as the same as shown in Fig. 6.6, is applied 
here to realize the power reduction of the wind turbine. It is assumed that a control signal to 
order the reduction of the power as well as the aerodynamic torque is given as soon as the 
generator rotor is short-circuited. A 150 ms delay is introduced taking into account the signal 
transmission and the pitch angle calculations. The pitch rate is limited to ±10°/sec.  
As it is shown in Fig. 7.4, since approximately 2.2 s the pitch angle is increased to reduce 
the aerodynamic torque. The aerodynamic power is reduced to 20% of the rated power in two 
seconds, which leads to the reduction of the rotor speed and the recovery of the wind turbine 
terminal voltage. It can be seen that, before the voltage is rebuilt, a large amount of reactive 
power is drawn from the grid that results in high inrush current. After the generator rotor 
speed is forced down and the voltage has been recovered, i.e. approximately 4.5 s, the 
reference value of the pitch angle is switched back to the normal reference value, which results 
in that the pitch angle is adjusted to a low value to produce more power. As the generator 
operates as a conventional induction generator, the generator speed is near the synchronous 
speed and an amount of reactive power is drawn from the external grid. 
 
7.3.3  Normal operation restoration 
 
After the voltage recovery of the wind turbine, the rotor-side converter is put back into 
work. The controllers of the PWM back-to-back voltage source converter then try to control 
the DFIG as normal. The rotor-side controller controls the stator-side active power according 
to the generator rotor speed, while reducing the stator-side reactive power to zero. The grid-
side controller maintains the DC-link voltage as constant and, at the same time, ensures zero 
reactive power exchange between the grid-side converter and the grid. The injected voltages in 
the rotor circuit are controlled to rise slowly from zero to the value required by the rotor-side 
controller. Even though, the injected rotor voltage interference brings the wind turbine into a 
short term of oscillations. The oscillations vanish in 2 s, and then the wind turbine with DFIG 
manages to retain to its normal operation. 
 
7.3.4  A simulation case with high wind speeds 
 
It is seen from Fig. 7.4 that the simulation case mentioned above applies a low wind speed 
series. In this section, a simulation case with a high wind speed series is presented. Applying 
the high wind speed series brings a result that the output active power of the DFIG wind 
turbine is around its rated value. The same control strategy proposed above is implemented for 
wind turbine voltage recovery in the situation of the fault, which leads to the simulation results 
as shown in Fig. 7.6. It is understood from Fig. 7.6 that, in high wind speed condition, the 
proposed control strategy is also effective to re-establish the wind turbine terminal voltage 
after the clearance of an external short-circuit fault. The post-fault transient process is much 
similar to the case with low wind speeds, except two obvious differences. 
One of the differences is that the voltage recovery of the wind turbine in the case with high 
wind speeds takes a little longer time compare with the case with low wind speeds. Another 
one is, when the rotor-side converter is put back to work, the injected rotor voltage 
interference results in more serious oscillations. 
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Figure 7.6 Wind speed, voltage, stator current, DC-link voltage,
torque, generator rotor speed, active power, reactive power and pitch
angle in the simulated case with a high wind speed series, where the
proposed control strategy is implemented. 
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7.4  Summary 
 
This chapter focuses on voltage recovery issue of grid-connected wind turbines with 
DFIG. The transient process after the external short-circuit fault are classified as two kinds of 
cases, which depends on whether the rotor protection devices are triggered or not. 
When the situation after the short-circuit fault is not serious enough to trigger the rotor 
protection devices, the control schemes of the DFIG operates as normal and are capable of 
forcing the rotor speed down and re-establishing the voltage at the wind turbine terminal after 
the clearance of the short-circuit fault, which are demonstrated by simulation results. The 
performances of the wind turbine as well as the control schemes are illustrated in detail.  
If the situation after the short-circuit fault is serious enough, the protection devices in the 
rotor circuit will be triggered which yields a result that the generator rotor is short-circuited 
and the rotor-side converter is deactivated. In this situation, a control strategy is proposed to 
re-establish the voltage at the wind turbine terminal and restore the wind turbine’s normal 
operation after the fault clearance, which is verified by simulations results. The control 
strategy, which takes advantage of the benefits of the rotor circuit protection device and the 
pitch control scheme, are performed in three steps, respectively protection device activation, 
voltage recovery assisted by pitch control, and normal operation restoration of the wind 
turbine with DFIG. 
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Chapter 8 
Conclusion 
 
 
 
 
 
 
This thesis has examined power quality issues of grid-connected wind turbines and the 
interaction between wind turbines and the grid that they are connected to. The specific goal of 
the research has been to investigate flicker emission and mitigation of grid-connected wind 
turbines with DFIG during continuous operation, and voltage recovery of such kind of grid-
connected wind turbines after the clearance of a short circuit fault in the grid. This will benefit 
integrating more wind power generation into the existing grid in the near future. 
 
8.1  Summary of the thesis 
 
As a basis of the research, a model of grid-connected wind turbines with DFIG was 
developed in the dedicated power system analysis tool PSCAD/EMTDC, which simulates the 
dynamics of the system from the turbine rotor where the kinetic wind energy is converted to 
mechanical energy, to the grid connection point where the electric power is fed into the grid. 
The complete grid-connected wind turbine model includes the wind speed model, the 
aerodynamic model of the wind turbine, the mechanical model of the transmission system, 
models of the electrical components, namely the DFIG, PWM voltage source converters, 
transformer, capacitor, and the control system. The grid model and the electrical components 
of the wind turbine were built with standard electrical component models from 
PSCAD/EMTDC library. The wind model, the aerodynamic model, the mechanical model and 
the control system were built with custom components developed in PSCAD/EMTDC. 
Two control schemes were implemented in the developed grid-connected wind turbine 
model: speed control and pitch control. The speed control scheme is composed by two vector-
control schemes designed respectively for the rotor-side and grid-side PWM voltage source 
converter. The objective of the vector-control scheme for the grid-side PWM voltage source 
converter is to keep the DC-link voltage constant regardless of the magnitude and direction of 
the rotor power. It may also be responsible for controlling reactive power flow into the grid. 
The vector-control scheme for the rotor-side PWM voltage source converter ensures 
decoupling control of stator-side active and reactive power drawn from the grid. It provides 
the generator with wide speed-range operation, which enables the optimal speed tracking for 
maximum energy capture from the wind. Cascade control was used in the vector-control 
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schemes. Two design methods, pole-placement and internal model control, were applied for 
designing the PI-controllers in the vector-control schemes. The pitch control scheme was 
employed to regulate the aerodynamic power from the turbine. 
The performances of the control schemes, respectively current control loops, power 
control loops, DC-link voltage control loop and pitch control loop, were illustrated, which 
meet the design requirements. The wind turbine is capable of providing satisfactory steady 
state and dynamic performances, which makes it possible that the wind turbine model can be 
applied to study the power quality issues of such kind of grid-connected wind turbines and 
their interaction with the grid. 
To meet the purpose of the research project, two aims were formulated. The first aim of 
the research was 
to study the flicker emission and mitigation of grid-connected wind turbines with DFIG 
during continuous operation. The flicker levels and the influence factors that affect the 
flicker levels must be studied, and, based on the research results, some effective measures 
to mitigate the flicker levels must be put forward. 
The flicker emission produced by grid-connected wind turbines during continuous 
operation is mainly caused by fluctuations in the output power due to wind speed variations, 
the wind gradient and the tower shadow effect. Any fluctuations in the active or reactive 
power produced by grid-connected wind turbines result in voltage fluctuations and flicker at 
the coupling point of the wind turbines. To evaluate the flicker levels produced by grid-
connected wind turbines with DFIG, a flickermeter model was developed according to the IEC 
standard IEC 61000-4-15, which simulates the response of the lamp-eye-brain chain and 
provides on-line statistical analysis of the flicker signal and the final results. 
 Based on the developed model of grid-connected wind turbines with DFIG and the 
flickermeter model, the flicker emission during continuous operation was studied. The 
influence factors, such as wind characteristics (mean speed, turbulence intensity) and grid 
conditions (short circuit capacity, grid impedance angle) have significant effects on the flicker 
emission of the variable speed wind turbine with DFIG. The effects of the influence factors are 
compared with previous research results related to the fixed speed wind turbine. In particular, 
the effects of mean wind speed, turbulence intensity and grid impedance angle are different 
from that in the case of the fixed speed wind turbine. 
It is possible to regulate the reactive power flow on the connection line so that the voltage 
fluctuation caused by the active power flow can be compensated by that caused by the reactive 
power flow. Based on this principle, two effective measures were proposed to mitigate the 
flicker levels produced by grid-connected wind turbines with DFIG, respectively by wind 
turbine output reactive power control and using STATCOM. 
The variable speed wind turbine with DFIG is capable of controlling the output active and 
reactive power independently. The wind turbine output reactive power was regulated  to vary 
with the output active power by the grid-side PWM voltage source converter control, thus the 
wind turbine power factor angle was changed to relieve the flicker levels.  
A STATCOM was connected in shunt to the Point of Common Coupling of the grid-
connected wind turbine for flicker mitigation. The model and control scheme of the 
STATCOM were described in detail. The STATCOM is capable of changing the reactive 
power flow on the connection line so that the power factor angle is changed which results in 
reduced flicker levels.  
The second aim of the research was  
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to analyse the transient process of grid-connected wind turbines with DFIG at a short-
circuit fault in the external grid, and in critical post-fault situations, to propose effective 
measures for voltage recovery of grid-connected wind turbines with DFIG after the fault 
clearance. 
To meet this aim, the analysis is started with voltage recovery of grid-connected wind 
turbines with dynamic slip control, which are simple, cost-effective, partially variable speed 
wind turbines, for gaining a good understanding of transient responses of induction generators 
in an external short-circuit situation. 
The model of a variable speed wind turbine with dynamic slip control in the simulation 
tool of PSCAD/EMTDC was presented, and the control schemes, respectively dynamic slip 
control and pitch control, were described. The transient process of grid-connected wind 
turbines after an external short-circuit fault was analyzed in detail. It was concluded from the 
analysis that increasing the electromagnetic torque or decreasing the aerodynamic torque helps 
to recover the voltage after the clearance of an external short-circuit fault. For the wind turbine 
with dynamic slip control, after the clearance of an external short-circuit fault, the 
electromagnetic torque was strengthened by adjusting the generator slip, and the aerodynamic 
torque was reduced by regulating the pitch angle, which helped to slow the rotor speed down 
and re-established the voltage at the wind turbine terminal. An emergency pitch regulation 
scheme is developed and applied in the case of pitch control. 
Based on the acquired knowledge, the voltage recovery of grid-connected wind turbines 
with DFIG may be studied much easily. Two kinds of situations were studied which depend 
on whether the rotor protection devices in the DFIG were triggered or not. 
When the situation after an external short-circuit fault was not serious enough to trigger 
the rotor protection devices, the control schemes of the DFIG operated as normal and were 
capable of forcing the rotor speed down and re-establishing the voltage at the wind turbine 
terminal after the clearance of the short-circuit fault. The performances of the wind turbine as 
well as the control schemes were illustrated in detail.  
If the situation after an external short-circuit fault is serious enough, the protection devices 
in the rotor circuit will be triggered which yields a result that the generator rotor is short-
circuited and the rotor-side converter is deactivated. In this situation, a control strategy was 
proposed to re-establish the voltage at the wind turbine terminal and restore the wind turbine’s 
normal operation after the fault clearance. The control strategy, which takes advantage of the 
benefits of the rotor circuit protection device and the pitch control scheme, were performed in 
three steps, respectively protection device activation, voltage recovery assisted by pitch 
control, and normal operation restoration of the wind turbine with DFIG. 
 
8.2  Conclusions and new contributions 
 
By the results presented in this thesis it is believed that all objectives of the research 
project have been fulfilled. To meet the two aims stated in Chapter 1 many new research 
results have been achieved. This has led to the main conclusions and recommendations 
summarized below – along with the novel aspects of the research. 
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Wind turbine model 
 
• A whole model of grid-connected wind turbines with DFIG in PSCAD/EMTDC has been 
developed, including the control system. Although the wind turbine model and the control 
system are developed based on the traditional theories, it is useful and has proved to be 
able to support the study of the power quality issues of such kind of grid-connected wind 
turbines and their interaction with the grid. 
 
Flicker emission and mitigation 
 
• The flicker emission of grid-connected wind turbines with DFIG during continuous 
operation has been investigated. The dependences of flicker emission on the mean wind 
speed, turbulence intensity, short circuit capacity ratio and grid impedance angle were 
illustrated in detail and compared with previous research results related to fixed speed 
wind turbines. This is believed new and will benefit understanding the nature of flicker 
emission of grid-connected wind turbines. 
• Two measures have been proposed to mitigate the flicker levels produced by grid-
connected wind turbines with DFIG, respectively by wind turbine output reactive power 
control and using STATCOM. These two measures are based on the idea of reactive 
power compensation. In this way, the voltage fluctuations caused by the active power 
flow can be compensated by that caused by the reactive power flow. The two measures 
are considered – and have been proved to be – very effective and novel means for flicker 
mitigation of grid-connected wind turbines with DFIG. 
 
Voltage recovery 
 
• For grid-connected wind turbines with dynamic slip control, it is concluded that, after the 
clearance of an external short-circuit fault, the electromagnetic torque may be 
strengthened by adjusting the generator slip, and the aerodynamic torque may be reduced 
by regulating the pitch angle, which effectively helps to slow the rotor speed down and 
re-establish the voltage at the wind turbine terminal. The measure of combined control is 
considered novel for voltage recovery of grid-connected wind turbines with dynamic slip 
control. 
• With respect to grid-connected wind turbines with DFIG, when the situation after an 
external short-circuit fault was not serious enough to trigger the rotor protection devices, 
the control schemes of the DFIG operates as normal and are capable of forcing the rotor 
speed down and re-establishing the voltage at the wind turbine terminal after the 
clearance of the short-circuit fault. The transient responses of the wind turbine as well as 
the control schemes have been analysed in detail, which are of great significance.  
• If the situation after an external short-circuit fault is serious enough, the protection 
devices in the rotor circuit will be triggered which yields a result that the generator rotor 
is short-circuited and the rotor-side converter is deactivated. In this situation, a control 
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strategy was proposed to re-establish the voltage at the wind turbine terminal and restore 
the wind turbine’s normal operation after the fault clearance. The control strategy, which 
are performed in three steps, respectively protection device activation, voltage recovery 
assisted by pitch control, and normal operation restoration of the wind turbine with DFIG, 
has been proved to be effective and novel. 
 
8.3  Future work 
 
Although many works have been accomplished in this thesis, several future investigations 
are interesting. Some subjects for future studies are listed in the following. 
• Saturation effects should be included in the induction generator and the transformer 
models. 
• A detailed PWM voltage source converter model with high-frequency switches should be 
implemented in the DFIG wind power generation system. It might provide more accurate 
transient responses for grid-connected wind turbines with DFIG. The overload of the 
power converter should also be considered. 
• Complete Protection schemes should be developed for the DFIG, which includes under- 
and over- voltage, over-current, speed- and frequency- deviation protection, as well as the 
protection scheme for the power converter. The power converter blocking and the device 
applied to short-circuit the generator rotor, such as crowbar, should also be implemented. 
• It is possible to realize the voltage recovery of grid-connected wind turbines by using 
STATCOM. The control strategies of reactive power compensation after an external 
short-circuit fault, as well as the cost-benefit analysis, should also be investigated and 
verified.  
• The transient behaviours of the DFIG wind turbine under the disturbances of other grid 
failures should be studied. 
• The performances of the DFIG wind turbine may be compared with that of the wind 
turbine with a multi-pole permanent magnet generator, which is connected to the grid 
through a full-scale power converter. The benefits and the disadvantages should be 
analysed. 
• If possible, field tests should be carried out to verify the simulation results documented in 
this thesis. With the verification work, the proposed measures and control strategies could 
be improved. 
• Flicker study and voltage recovery issue investigation should be carried out on a wind 
farm, which comprises many wind turbines. The interaction between the wind turbines in 
the wind farm should be included. 
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Appendix A 
Wind turbine model in PSCAD/EMTDC  
 
 
 
 
 
 
The DFIG wind turbine model has been developed in the dedicated power system analysis 
tool, PSCAD/EMTDC [1, 2]. The objective of this appendix is to present an overview of the 
DFIG wind turbine model developed in PSCAD/EMTDC. First, a general introduction about 
the DFIG wind turbine model is given. Then, the functions of the main blocks in the DFIG 
wind turbine model, e.g. turbine, DFIG, PWM voltage source converter, grid- and rotor-side 
PWM converter control blocks, are described. 
 
A.1  Introduction 
 
The block diagram of the DFIG wind turbine model is shown in Fig. A.1. 
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Figure A.1 Block diagram of the DFIG wind turbine model. 
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The DFIG wind turbine model mainly comprises the turbine block, DFIG, transformer, 
PWM voltage source converters, the DC-link block and the grid- and rotor-side PWM 
converter control blocks, etc. The output voltages of the PWM voltage source converters are 
applied in the electrical circuit as controllable voltage sources. In the following sections, the 
functions of the turbine block, DFIG, PWM voltage source converter and the gird- and rotor-
side PWM converter control blocks are described in detail. 
 
A.2  Turbine 
 
The turbine block is built with custom components in PSCAD/EMTDC, which is mainly 
composed by wind block, pitch control block and aerodynamic block. The schematic diagram 
of the turbine block is shown in Fig. A.2. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Since only one DFIG wind turbine is considered in this research work, the park scale 
coherence in the wind model [3] is not included and only the rotor wind model is applied. The 
rotor wind structure shown in Fig. 2.4 is implemented in the wind block, which outputs an 
equivalent wind speed eqv  representing the whole field of wind speeds in the rotor plane of the 
wind turbine. To include the spatial variations of the wind speed field in the rotor plane, the 
wind block uses the wind turbine rotor speed wtrW _  as input, which is fed back from the 
rotation system, to calculate the turbine rotor position. 
With an equivalent wind speed, the corresponding reference value refTheta _  of the pitch 
angle can be obtained via a look-up table, which is input into the pitch mechanism. The 
control loop shown in Fig. 3.15 is implemented to realize the function of the pitch mechanism. 
The aerodynamic block uses the equivalent wind speed eqv , the wind turbine rotor speed 
wtrW _  and the blade pitch angle Theta  as inputs. Applying (2.11), (2.12) and (2.13), the 
aerodynamic torque WT  is calculated out. 
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Figure A.2 Diagram of the turbine block in the DFIG wind turbine model. 
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A.3  DFIG 
 
PSCAD/EMTDC software library provides a dedicated model of the wound rotor 
induction generator with rotor voltages interference, as shown in Fig. A.3. The wound rotor 
induction generator is modelled in the state variable form using generalized machine theory. 
The stator and the rotor windings are transformed to their two-phase equivalent using the dq0-
transformation. The wound rotor induction generator model is built with detailed descriptions 
of the stator and rotor direct and quadrature axis currents (or flux linkages) and the rotor 
speed. Besides the electromagnetic description, the generator model in PSCAD/EMTDC also 
contains the mechanical inertia of the generator rotor. 
The machine can either be operated in speed control mode or torque control mode. 
Normally, the machine is started in speed control mode with the input W  and then switched 
over to torque control with the input TL  after it reaches steady state. The input S  is a control 
signal which switches to select speed control mode or torque control mode. The CBA ,,  and 
cba ,,  are the electrical connection points for the stator and rotor phases.  
 
 
 
 
 
 
 
 
 
 
 
 
A.4  PWM voltage source converter 
  
To effectively improve the simulation speed, an average model without switches is applied 
to simulate the PWM voltage source converter in this research work [4]. The PWM converter 
block, built with custom component, is shown in Fig. A.4. 
The inputs refcrefbrefa VVV ___ ,,  are the reference values of the PWM converter output 
voltages, the outputs cba VVV ,,  are the real values of the PWM converter output voltages, the 
inputs cba III ,,  are the AC-side currents of the PWM converter, the input dcV  and output dcI  
are the DC-side voltage and current of the PWM converter.  
The average model assumes that the PWM voltage source converters will ideally 
reproduce the reference voltages from the control schemes, i.e. the outputs cba VVV ,,  are the 
same as the inputs refcrefbrefa VVV ___ ,, . The output dcI  can be calculated with (2.39). 
 The output voltages of the PWM voltage source converter, cba VVV ,, , are applied in the 
electrical circuit as controllable voltage sources. The output DC current is input into the DC-
link block. Based on the DC currents from the rotor-side and grid-side converters and the 
value of the capacitor in the DC-link, the DC voltage can be calculated. 
S
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Figure A.3 Diagram of the DFIG in the DFIG wind turbine model. 
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A.5  Grid- and rotor-side PWM converter control blocks 
 
The grid- and rotor-side PWM converter control blocks are built with custom components, 
as shown in Fig. A.5. 
 The objective of the control block for the grid-side PWM voltage source converter is to 
keep the DC-link voltage constant regardless of the magnitude and direction of the rotor 
power, as well as keeping sinusoidal grid currents. It may also be responsible for controlling 
reactive power flow into the grid. The inputs gcgbga VVV ,,  and gcgbga III ,,  are the AC-side 
voltages and currents of the grid-side PWM converter, the input dcV  is the DC-link voltage, 
the outputs refccrefcbrefca VVV ___ ,,  are the reference voltages of the grid-side PWM converter. 
The control scheme illustrated in Fig. 3.4 is implemented in this control block. 
The control block for the rotor-side PWM voltage source converter ensures decoupling 
control of stator-side active and reactive power drawn from the grid. The reference value of 
the stator-side active power is obtained via a look-up table for a given generator rotor speed, 
which enables the optimal power tracking for maximum energy capture from the wind. It also 
provides a generator with a wide speed-range operation. The inputs scsbsa VVV ,,  and scsbsa III ,,  
are the stator-side voltages and currents of the induction generator, the inputs rcrbra III ,,  are 
the rotor-side currents of the induction generator, the input genW _  is the generator rotor 
speed, the outputs refrcrefrbrefra VVV ___ ,,  are the reference voltages of the rotor-side PWM 
converter. The control scheme illustrated in Fig. 3.6 is implemented in this control block. 
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Figure A.4 Block diagram of the PWM converter in the DFIG wind turbine model. 
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Figure A.5 Diagram of the PWM converter control blocks in the DFIG wind turbine model. 
(a) Grid-side PWM converter control block; (b) Rotor-side PWM converter control block. 
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Appendix B 
System parameters 
 
 
 
 
 
 
This appendix provides some parameters that are used in the simulation work, such as the 
impedance values in different grid conditions, and the protection settings of the wind turbine. 
When the flicker emission and mitigation are studied in Chapter 4 and Chapter 5, the 
effects of the grid parameters (e.g. short circuit capacity and grid impedance angle) are 
included. Different grid conditions yield different impedance values, i.e. the values of Z  and 
thZ  shown in Fig. 4.3. The impedance values in different grid conditions are listed in the 
following tables, where SCR  is the short circuit capacity ratio, kψ  is the grid impedance 
angle, which are shown in the captions of the figures in Chapter 4 and Chapter 5. 
 
Table B.1 Impedance values with different SCR  ( °= 50kψ ) 
SCR  Z  thZ  
10 0.4861+j0.5793 3.8889+j4.6346 
20 0.4861+j0.5793 1.9444+j2.3173 
30 0.4861+j0.5793 1.2963+j1.5449 
40 0.4861+j0.5793 0.9722+j1.1586 
50 0.4861+j0.5793 0.7778+j0.9269 
60 0.4861+j0.5793 0.6481+j0.7724 
70 0.4861+j0.5793 0.5556+j0.6621 
80 0.4861+j0.5793 0.4861+j0.5793 
90 0.4861+j0.5793 0.4321+j0.5150 
100 0.4861+j0.5793 0.3889+j0.4635 
Table B.2 Impedance values with different SCR  ( °= 4.63kψ ) 
SCR  Z  thZ  
10 0.3382+j0.6764 2.7056+j5.4113 
20 0.3382+j0.6764 1.3528+j2.7056 
40 0.3382+j0.6764 0.6764+j1.3528 
60 0.3382+j0.6764 0.4509+j0.9019 
80 0.3382+j0.6764 0.3382+j0.6764 
100 0.3382+j0.6764 0.2706+j0.5411 
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Table B.3 Impedance values with different kψ  ( 20=SCR ) 
kψ  (deg) Z  thZ  
0 0.7562+j0 3.0250+j0 
10 0.7447+j0.1313 2.9790+j0.5253 
20 0.7106+j0.2586 2.8426+j1.0346 
30 0.6549+j0.3781 2.6197+j1.5125 
40 0.5793+j0.4861 2.3173+j1.9444 
50 0.4861+j0.5793 1.9444+j2.3173 
60 0.3781+j0.6549 1.5125+j2.6197 
70 0.2586+j0.7106 1.0346+j2.8426 
80 0.1313+j0.7447 0.5253+j2.9790 
82.5 0.0987+j0.7497 0.3948+j2.9991 
85 0.0659+j0.7533 0.2636+j3.0135 
87.5 0.0330+j0.7555 0.1319+j3.0221 
90 0+j0.7562 0+j3.0250 
 
Suitable protection should be provided in wind power generation systems to minimise the 
effects of possible abnormal operating conditions. The protection relay settings of the DFIG 
wind turbines are given in Table B.4. 
 
Table B.4 Protective relay settings 
Protective relay settings Limit Max. time 
Overcurrent 3.0 p.u 20 ms 
Undervoltage 0.7 p.u 0.5 sec 
Overcurrent (rotor circuit) 1.5 p.u 40 ms 
Overvoltage (DC-link) 1.5 p.u 40 ms 
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Abstract—A simulation model of a MW-level wind turbine 
with dynamic slip control and pitch control is developed in the 
simulation tool of PSCAD/EMTDC and stability investigations 
are carried out with respect to a short circuit fault in the external 
power system.  After the fault has been cleared, the voltage at the 
wind turbine terminal has to be re-established, and the wind 
turbine should restore its normal operating condition. 
Controlling the generator slip and pitch angle can adjust the 
electromagnetic torque and the aerodynamic torque of wind 
turbine, which helps to rebuild the voltage at the wind turbine 
terminal. Simulation results prove that dynamic slip control and 
pitch control are effective methods to improve the voltage and 
maintain power system stability. 
 
Index Terms—dynamic slip control, pitch control, power 
system stability, voltage recovery, wind turbine. 
 
I. INTRODUCTION 
N recent years wind power generation has received 
considerable attention worldwide.  Institutional support on 
renewable energy sources, together with the wind energy 
potential, has led to a fast development of wind power 
generation. At the end of 2002, the total installed capacity of 
wind power generation in the whole world is summed to 
31,128 MW, in which Germany had the biggest installed 
capacity, 12,001 MW, followed by Spain, USA and Denmark 
[1]. 
 The installed capacity of wind power generation grew very 
fast in the past years, and there will be a dramatic increase in 
the level of wind power generation penetrating into existing 
utilities’ network in the near future. The continuous increase 
of the number of integrated wind turbines is likely to influence 
the operation of the existing networks and the design and 
planning of the future distribution networks. One of the major 
concerns related to the high penetration of integrated wind 
turbines into the existing utilities’ networks is the impact on 
power system stability. 
The system operators, being responsible for maintaining 
power system stability and reliable power supply, have 
formulated specifications for wind turbine integration to the 
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network. According to the specifications, at a short circuit 
fault in the external network, the voltage shall be re-
established after clearing the fault without wind turbine 
disconnection caused by inrush current and dipped voltage. 
The reason is, when the wind power penetration level is high, 
the protective disconnection of a large amount of wind power 
will be an unacceptable consequence that may threaten the 
power system stability.  
 During the short-circuit fault, the short circuit current 
arises, the voltage at the wind turbine terminal drops. Due to 
the voltage dip, the output electrical power and the 
electromagnetic torque are significantly reduced. Assuming 
the mechanical torque is kept constant, any reduction in the 
electromagnetic torque causes the rotor to accelerate. This in 
turn leads to an increase in the kinetic energy of the rotating 
mass. After the clearance of the fault, reactive power is 
supplied by the power system to recover the air-gap flux. This 
causes high inrush current to be drawn by the wind turbine 
from the power system, which in turn causes a voltage drop at 
the wind turbine terminal. The resulting electromagnetic 
torque acts on the rotor in a direction opposite to that of 
mechanical torque applied by wind turbine. If the energy 
stored in the newly established rotating magnetic field 
becomes higher than that stored in the rotating mass, rotor 
speed is forced to slow down and the wind turbine retains its 
normal operating condition eventually. On the contrary, the 
rotor speed could continue to increase until appropriate 
protection devices trip it. When this happens, the voltage at 
the wind turbine terminal drops [2].  
The voltage recovery after the clearance of a fault can be 
assisted with dynamic reactive compensation, adjustment of 
relay settings of wind turbines, and control ability of wind 
turbines [3]. Adjusting the protective relay settings may be 
necessary for the wind turbines to stay grid-connected during 
a longer time at post-fault operational situations. This makes it 
possible to rebuild the voltage with other means. However, the 
arrangement of adjusting the relay settings alone is not enough 
to solve the whole problem of re-establishing the voltage. 
 This paper concentrates on the voltage recovery assisted 
with controls of wind turbines. A model of a MW-level wind 
turbine with dynamic slip control and pitch control in the 
simulation tool of PSCAD/EMTDC is presented. Based on the 
wind turbine model, the stability of wind turbine after a short-
circuit fault has been investigated. After the clearance of the 
fault, the energy in the newly established rotating magnetic 
field may be strengthened by adjusting the generator slip, and 
the kinetic energy in the rotating mass may be reduced by 
Tao Sun, Zhe Chen, Senior Member, IEEE, Frede Blaabjerg, Fellow, IEEE 
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regulating the pitch angle, which help to slow the rotor speed 
down and re-establish the voltage at the wind turbine terminal. 
The simulation results show how the combination of dynamic 
slip control and pitch control could help to rebuild the voltage 
and maintain power system stability efficiently. 
II. WIND TURBINE MODEL 
The variable speed wind turbine with wound rotor 
induction generator is considered in this paper, which is 
equipped with dynamic slip control and pitch control. This 
topology is a very low-cost and simple variable speed system. 
A complete wind turbine model includes the wind speed 
model, the aerodynamic model of the wind turbine, the 
mechanical model of the transmission system and models of 
the electrical components, namely the induction generator, 
capacitor banks for reactive power compensation, transformer, 
and the control and supervisory system. Fig. 1 illustrates such 
a wind turbine connected to a power system. 
The simulation model of the wind turbine is developed in 
the dedicated power system analysis tool, PSCAD/EMTDC. 
The grid model and the electrical components of the wind 
turbine are built with standard electrical component models 
from PSCAD/EMTDC library. The models of the wind speed 
and the aerodynamic, mechanical and control components of 
the wind turbine are built with custom components developed 
in PSCAD/EMTDC. 
A. Wind Model 
Wind simulation plays an important task in wind turbine 
modeling, particularly for interaction analysis between wind 
farms and the power system to which they are connected. The 
wind models describe the fluctuations in the wind speed, 
which cause the fluctuations in the power production of the 
wind turbines.  
A wind model has been developed to support studies of the 
dynamic interaction between large wind farms and the power 
system to which they are connected [4], [5]. The wind model 
is designed to simulate a realistic situation of the power 
fluctuation during continuous operation of the wind farm, and 
it combines the stochastic effects caused by the turbulence and 
deterministic effects caused by the tower shadow. 
The structure of the wind model is shown in Fig. 2. It is 
built into two steps. The first step of the wind model is the 
park scale wind model, which simulates the wind speeds in 
hub height at each wind turbine, taking into account the park 
scale coherence. The second step of the wind model is the 
rotor wind model, which includes the influence of rotational 
sampling and the integration along the wind turbine blades as 
the blades rotates. The rotor wind model provides an 
equivalent wind speed that is conveniently used as input to a 
simplified aerodynamic model of the wind turbine. 
B. Aerodynamic Model 
A simplified aerodynamic model is normally used when the 
electrical behavior of the wind turbine is the main interest of 
the study. The relation between the wind speed and 
aerodynamic torque may be described by the following 
equation: 
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where 
wT  is the aerodynamic torque extracted from the wind 
[Nm], ρ  the air density [kg/m3], R  the wind turbine rotor 
radius [m], 
eqv  the equivalent wind speed [m/s], θ  the pitch 
angle of rotor [deg], eqrot vRw /=λ  the tip speed ratio, where 
rotw  is the rotational speed [rad/s], pC  the aerodynamic 
efficiency. 
Numerical approximations have been developed to 
calculate pC  for given values of θ  and λ [6], [7]. Here, the 
following approximation is used 
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The resulting pC  curves are displayed in Fig. 3. 
C. Mechanical Model 
In the mechanical model, emphasis is put only on the parts 
of the dynamic structure of the wind turbine that contribute to 
the interaction with the grid. Therefore, only the drive train is 
considered, while the other parts of the wind turbine structure, 
e.g. tower and flap bending modes, are neglected. 
When modeling the drive train, it is a common practice to 
neglect the dynamics of the mechanical parts, as their 
responses are considerably slow in comparison to the fast 
electrical ones, especially for machines with great inertia. The 
wind turbine is connected to the generator rotor with a 
gearbox. The quantities on the high-speed side have been 
referred to the low speed side. The rotational system may 
therefore be modeled by a single equation of motion: 
gearbox generator
G
3-blade
turbine capacitor
transformer
2.5MVA 0.04+j0.377
0.04+j0.377
Zth
Eth=11kV
P=6MW
Q=2.88MVA
3 2 1
wind
wind turbine
Fig. 1.  Block diagram of a wind turbine connected to a grid. 
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Fig. 2.  Structure of wind model. 
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where 
WGJ  is the wind turbine mechanical inertia plus 
generator mechanical inertia (kg·m2), 
rotw  rotor speed (rad/s), 
wT  wind turbine input aerodynamic torque (Nm), gT  generator 
electromagnetic torque (Nm), and D  friction coefficient 
(Nm/rad). 
D. Electrical Component Models 
PSCAD/EMTDC provides dedicated models for the 
electrical components of the wind turbine, namely generator, 
capacitor banks for reactive power compensation and 
transformer, etc. The generator in this study is a wound rotor 
induction machine. Besides the electromagnetic description, 
the generator model in PSCAD/EMTDC also contains the 
mechanical inertia of the generator rotor. Wound rotor 
induction generators usually permit intervention via the slip 
rings. Wind turbines are subject to random periodic output 
fluctuations due to wind speed fluctuations, tower-shadowing 
effects, natural resonance of components, etc. Regulating the 
slip value can significantly relieve the drive train stress and 
reduce output power fluctuations. In this wound rotor 
induction generator model, an external resistor is connected to 
the rotor and may be adjusted to change the generator slip. 
E. Control System 
The wind turbine may be controlled through two ways: 
dynamic slip control and pitch control. It is possible for the 
wind turbine to adjust the electromagnetic torque and the 
aerodynamic torque by dynamic slip control and pitch control. 
As mentioned above, controlling the slip value of the 
generator can smooth the output power fluctuation of the wind 
turbine. For a continuous adjustment of slip, a rapid change of 
rotor circuit resistance between short-circuited rotor winding 
and full resistance of the external resistor in the rotor circuit 
can be implemented by a switching device as shown in Fig. 4 
to produce output-smoothed or efficient operating areas [6]. 
Thus, in the partial-load area, low slip values can be set and 
altered slightly to achieve a high level of efficiency. 
The average resistance in series with the rotor circuit is 
expressed as 
rRr sa ⋅=                                                                               (5) 
where ar  is the average resistance in series with the rotor 
circuit (Ω), r  is the full resistance of the external resistor (Ω), 
toffs TTR =  is the switching duty ratio of the 
semiconductor switch, where offT  is the switch off time (s) 
and tT  is the switching period (s). 
In practice, below rated torque, the generator acts just like a 
conventional induction machine. Once the rated torque is 
reached, the resistors in series with the rotor circuit are 
adjusted by switching the semiconductor switch on and off at 
several kHz, and the average resistance is changed by varying 
the switching duty ratio. As the average resistance increases, 
the generator torque-slip curve changes so that the torque is 
kept at the rated value. 
The aerodynamic model of the wind turbine has shown that 
the aerodynamic efficiency is strongly influenced by variation 
of the blade pitch with respect to the direction of the wind or 
the plane of rotation. Regulating the rotor blades provides an 
effective means to regulate or limit the turbine power in high 
wind speed, or other abnormal conditions. When the wind 
speed is above the rated value, the output power of the wind 
turbine can be kept to the rated power by the pitch control.  
To put the blades into the necessary position, various 
control systems are employed. Reference [8] illustrates a 
simple pitch mechanism driven by an AC servomotor which 
subjects to external pitching moments (disturbances to the 
system). The basic control mechanism is shown in Fig. 5. 
 The corresponding transfer function of the closed-loop 
system is as follows: 
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where θ  is the pitch angle [deg], refθ  is the reference value of 
the pitch angle [deg], J  is total inertia of the blade and motor 
[kg·m2], B  is the viscous friction coefficient, K  is the pitch 
system spring constant, k  is the slope of the torque-voltage 
curve for motor/pitch mechanism combination, m  is the slope 
of the torque-speed curve for motor/pitch mechanism 
combination, 
pQ  is a pitching moment due to dynamic and 
aerodynamic forces that acts as a disturbance in the system, 
pk  and ik  are the proportional gain and integral gain of the PI 
controller respectively. 
III. CASE STUDY 
The simulation study has been conducted on the system 
shown in Fig. 1, where a load at bus 2 is supplied by a wind 
 
Fig. 3.  Aerodynamic efficiency Cp curves as a function of tip speed ratio 
and pitch angle (0 – 25 deg). 
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Fig. 4.  Dynamic slip control of wind turbine by three-phase external resistor 
with direct current pulsing.
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farm with wound rotor induction generators represented by a 
single machine at bus 3, and by the external power system 
represented by a constant voltage source connected in series 
with its Thevenin’s equivalent impedance. The external power 
system connects to the bus 2 through two parallel lines, and 
the bus 2 is the point of common coupling.  
Table I provides the parameters of the generator in detail. 
During rated state operation the wind turbine generates 2 MW 
real power, which provides 1/3 of the load at Bus 2 in the 
system. At the same time, the wound rotor induction generator 
absorbs 1.34 MVA reactive power from the grid. The 
capacitors at the wind turbine terminal supply most of the 
reactive power required by the generator and only a small 
portion is supplied by the external power system. 
IV. SIMULATION RESULTS  
The wind applied in this investigation is produced 
according to the wind model introduced in Section II-A. Since 
only one wind turbine is considered in this case, the park scale 
wind model is not included and only the rotor wind speed is 
applied. The wind speed and the output power of the wind 
turbine in normal operation are shown in Fig. 6. 
The fault event is a three-phase to ground short-circuit fault 
on one of the two parallel lines. It begins at 2 s and after 150 
ms the line is tripped. As explained earlier, the voltage at the 
wind turbine drops during the fault period, which leads to the 
reduction in the electromagnetic torque. This reduction causes 
the rotor to accelerate, which in turn leads to an increase in the 
kinetic energy of the rotating mass. After the clearance of the 
fault, the electromagnetic torque recovers. If the energy stored 
in the newly established rotating magnetic field is lower than 
that stored in the rotating mass, the rotor speed will continue 
to increase and the induction generator could draw high inrush 
current from the external power system until appropriate 
protection devices trip it. In this condition, voltage at the wind 
turbine terminal (Bus 3) dips and the output power of wind 
turbine drops, as shown in Fig. 7. Then the system loses 
stability and the wind turbine has to be disconnected. 
A. Pitch Control 
From the aerodynamic model of the wind turbine, it can be 
seen that it is possible to control the aerodynamic torque of 
the wind turbine by regulating the blade pitch angle. After the 
clearance of the fault, the aerodynamic torque may be reduced 
by increasing the pitch angle, to reduce the energy stored in 
the rotating mass. When the kinetic energy decreases, it is 
easier to slow the rotor speed down and re-establish the 
voltage at the wind turbine terminal. 
It is assumed that a control signal to order the reduction of 
aerodynamic torque is given when the RMS voltage at the 
wind turbine terminal has been below 0.90 p.u. for at least 250 
ms, which includes the delays introduced by signal 
transmission and pitch angle calculation. The pitch rate is 
limited by sec/5°± .  
Fig. 8 shows the case of re-establishing the voltage by 
regulating the blade pitch angle after the clearance of a short-
circuit fault, where wT  is the aerodynamic torque (Nm) and gT  
is the electromagnetic torque (Nm). During the short-circuit 
fault, i.e. 2 – 2.15 s, the short circuit current arises, the voltage 
at the wind turbine terminal drops. Due to the voltage dip, the 
output electrical power and the electromagnetic torque are 
significantly reduced. Since the aerodynamic torque is almost 
kept invariable, any reduction in the electro-magnetic torque 
causes the rotor to accelerate. After the clearance of the fault, 
Controller k Motor and bladedynamics
Voltage
Electrical
torque
Pitching
moment
+
+
+
-refθ θ
Fig. 5.  Closed-loop pitch control mechanism. 
TABLE I 
GENERATOR  PARAMETERS 
Prameter Value 
Rated power 2 MW 
Rated voltage 0.69 kV 
Base angular frequency 314.16 rad/s 
Stator/ rotor turns ratio 0.4333 
Angular moment of inertia (J=2H) 1.9914 p. u. 
Mechanical damping 0.01 p. u. 
Stator resistance 0.0175 p. u. 
Rotor resistance 0.019 p. u. 
Stator leakage inductance 0.2571 p. u. 
Rotor leakage inductance 0.295 p. u. 
Mutual inductance 6.921 p. u. 
   
Fig. 6. Wind and output power of the wind turbine in the case of normal
operation. 
 
Fig. 7.  Voltage and output power of the wind turbine in the case of unstable 
situation.
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i.e. 2.15 s, reactive power is supplied by the power system to 
recover the air-gap flux. This causes high inrush current to be 
drawn by the wind turbine from the power system, which in 
turn causes a voltage drop at the wind turbine terminal. Since 
2.25 s the pitch angle is regulated to reduce the aerodynamic 
torque as well as the energy stored in the rotating mass, which 
helps to slow the rotor speed down and re-establish the 
voltage at the wind turbine terminal. After the voltage has 
been recovered, i.e. approximately 5.25 s, the pitch angle is 
adjusted back to the initial value to produce more power.  It 
can be seen from the figure that pitch control is an effective 
measure for voltage recovery. 
B. Dynamic Slip Control 
 Another way to stabilize the system is to strengthen the 
electromagnetic torque as well as the energy stored in the 
newly established rotating magnetic field after the clearance 
of the fault. It can be realized by controlling the external 
resistor added to the rotor to change the generator’s torque-
slip curve. It is quick and convenient to switch the 
semiconductor switch on and off to change the switching duty 
ratio, which means the average resistance in series with the 
rotor changes. As the generator’s torque-slip curve has been 
changed, the electro-magnetic torque changes too. 
Fig. 9 shows the contribution of dynamic slip control to 
voltage recovery. The transient analysis is similar with that in 
case of pitch control. At 2.25 s, the switching duty ratio is 
regulated to strengthen the electromagnetic torque as well as 
the energy stored in the newly established rotating magnetic 
field, which helps to slow the rotor speed down and re-
establish the voltage at the wind turbine terminal. Since the 
switching duty ratio may be changed without any rate limit, 
the generator rotor speed is quickly slowed down and the 
voltage is recovered much faster than that in case of pitch 
  
Fig. 8.  Voltage, torque, generator rotor speed, current, output power and
pitch angle in the case of pitch control. 
           
Fig. 9.   Voltage, torque, generator rotor speed, current, output power and
switching duty ratio in the case of dynamic slip control. 
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control. After the voltage has been recovered, i.e. 
approximately 4.5 s, the switch duty ratio is adjusted back to 
the normal value to gain higher efficiency. 
There is another advantage of dynamic slip control for 
voltage recovery. The aim of pitch control is to reduce the 
aerodynamic torque driven by the wind turbine, which means 
a reduction of input power to the wind turbine system. 
However, dynamic slip control may re-establish the voltage 
without reducing the input power. 
C. Combined controls 
The pitch angle and the generator slip can be regulated at 
the same time to help to rebuild the voltage after a short-
circuit fault, as shown in Fig. 10. The transient analysis is 
similar with that in the above two cases. Since 2.25 s, the 
pitch angle and switching duty ratio are regulated to reduce 
the aerodynamic torque, and at the same time, to strengthen 
the electromagnetic torque. After the voltage has been 
recovered, i.e. approximately 3.75 s, the pitch angle and 
switch duty ratio are adjusted back to the initial values. It can 
be seen that the voltage recovery with combined control is 
much quicker than that in the former two cases, the pitch 
control only and dynamic slip control only. Additionally, the 
adjusting magnitudes of both the pitch control and dynamic 
slip control are less than the former two cases, which means 
the combined control is a better way to recover the voltage. 
V. CONCLUSION 
This paper studied the methods of re-establishing the 
voltage after the clearance of a short-circuit fault by 
controlling the electromagnetic torque and aerodynamic 
torque of the wind turbine. The simulation results show both 
dynamic slip control and pitch control are effective measures 
for a wound rotor induction generator to improve the stability 
of the power system. 
For a wind turbine equipped with a doubly fed induction 
generator, where the rotor circuit is connected to the ac system 
through power electronic converters, it is possible to control 
the output active power and reactive power simultaneously for 
improving the system stability. The control and system 
performance of such a wind energy conversion system during 
short-circuit faults is under study and will be reported 
subsequently. 
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Fig. 10.  Voltage, torque, generator rotor speed, current, output power, pitch 
angle and switching duty ratio in the case of combined control. 
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Abstract—The fast development of wind power generation 
brings new requirements for wind turbine integration to the 
network. After the clearance of an external short-circuit fault, 
the grid-connected wind turbine should restore its normal 
operation with minimized power losses. This paper concentrates 
on transient analysis of variable speed wind turbines with doubly 
fed induction generator (DFIG) after an external short-circuit 
fault. A simulation model of a MW-level variable speed wind 
turbine with DFIG developed in PSCAD/EMTDC is presented, 
and the control and protection schemes are described in detail. 
After the clearance of an external short-circuit fault the control 
schemes manage to restore the wind turbine’s normal operation 
and their performances are demonstrated by simulation results 
both during the fault and after the clearance of the fault. 
 
Index Terms—Doubly fed induction generator (DFIG), short-
circuit fault, transient analysis, wind turbine. 
 
I. INTRODUCTION 
S a result of conventional energy sources consumption 
and increasing environmental concern, efforts have been 
made to generate electricity from renewable sources, such as 
wind energy sources. Institutional support on wind energy 
sources, together with the wind energy potential and 
improvement of wind energy conversion technology, has led 
to a fast development of wind power generation in recent 
years.        
The continuous increase of wind power penetration level is 
likely to influence the operation of the existing utilities’ 
networks, especially the power system stability. Specifications 
are now being revised to reflect new requirements for wind 
turbine integration to the network. According to the new 
requirements, after the clearance of a short-circuit fault in the 
external network, the grid-connected wind turbine should 
restore its normal operation without disconnection caused by 
inrush current and dipped voltage. The reason is, when the 
wind power penetration level is high, the protective 
disconnection of a large amount of wind power may cause an 
important loss of generation that may threaten the power 
system stability. 
Regarding fixed speed wind turbines with conventional 
induction generators, the normal operation restoration after the 
clearance of an external system fault may be assisted with 
dynamic reactive compensation, adjustment of relay settings 
 
 
of wind turbines, and control ability of wind turbines [1]. For 
variable speed wind turbines with slip control, dynamic slip 
control and pitch control may contribute to restore the normal 
operation and maintain power system stability after the 
clearance of an external short-circuit fault [2]. 
Variable speed wind turbines with DFIG, the most popular 
installed variable speed wind turbines worldwide, have shown 
better behaviors concerning system stability during short-
circuit faults in comparison with fixed speed wind turbines 
[3], [4]. One of the reasons may be its capability of 
decoupling control of output active and reactive power. It is 
quite interesting to study the normal operation restoration of 
such kind of wind turbines after the clearance of an external 
short-circuit fault. 
This paper concentrates on transient analysis of variable 
speed wind turbines with DFIG after the clearance of an 
external short-circuit fault. A simulation model of a MW-level 
wind turbine with DFIG developed in PSCAD/EMTDC is 
presented, and the control and protection schemes of the wind 
turbine are described in detail. Based on the wind turbine 
model, the stability of wind turbine after a short-circuit fault 
has been investigated. The simulation results show how the 
control schemes effectively manage to restore the wind 
turbine’s normal operation after the clearance of an external 
short-circuit fault. 
II. WIND TURBINE MODEL 
The wind turbine considered here applies a doubly fed 
induction generator, using a back-to-back PWM voltage 
source converter in the rotor circuit. Variable speed operation 
of the wind turbine can be realized by appropriate adjustment 
of the rotor speed and pitch angle. 
A complete wind turbine model includes the wind speed 
model, the aerodynamic model of the wind turbine rotor, the 
mechanical model of the transmission system and models of 
the electrical components, namely the induction generator, 
PWM voltage source converters, transformer, and the control 
and supervisory system. Fig. 1 illustrates the main 
components of a grid connected wind turbine. 
The simulation model of the wind turbine is developed in 
the dedicated power system analysis tool, PSCAD/EMTDC. 
The grid model and the electrical components of the wind 
turbine are built with standard electrical component models 
from PSCAD/EMTDC library. The models of the wind speed 
and the aerodynamic, mechanical and control components of 
the wind turbine are built with custom components developed 
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in PSCAD/EMTDC. 
Wind simulation plays an important task in wind turbine 
modeling, particularly for dynamic interaction analysis 
between wind farms and the power system to which they are 
connected. A wind model has been developed to support such 
studies [5], [6], which is applied in this paper. The structure of 
the wind model is built into two steps: The first step of the 
wind model is the park scale wind model, which simulates the 
wind speed in hub height at each wind turbine, taking into 
account the park scale coherence; The second step of the wind 
model is the rotor wind model, which includes the influence 
of rotational sampling and the integration along the wind 
turbine blades as the blades rotates. The rotor wind model 
provides an equivalent wind speed for each wind turbine, 
which is conveniently used as input to a simplified 
aerodynamic model of the wind turbine. 
A simplified aerodynamic model is normally used when the 
electrical behavior of the wind turbine is the main interest of 
the study. The relation between the wind speed and 
aerodynamic torque may be described by the following 
equation: 
λλθρπ /),(
2
1 23
peqw CvRT =                                             (1) 
where wT  is the aerodynamic torque extracted from the wind 
[Nm], ρ  the air density [kg/m3], R  the wind turbine rotor 
radius [m], eqv  the equivalent wind speed [m/s], θ  the pitch 
angle of the rotor [deg], eqrot vRw /=λ  the tip speed ratio, 
where rotw  is the wind turbine rotor speed [rad/s], pC  the 
aerodynamic efficiency of the rotor. 
As for the mechanical model, emphasis is put on the parts 
of the dynamic structure of the wind turbine that contribute to 
the interaction with the grid. Therefore, only the drive train is 
considered, while the other parts of the wind turbine structure, 
e.g. tower and flap bending modes, are neglected. When 
modeling the drive train, the dynamics of the mechanical parts 
may be neglected, as their responses are considerably slow in 
comparison to the fast electrical ones, especially for machines 
with great inertia. The rotational system may therefore be 
modeled by a single equation of motion: 
rotgw
rot
WG DwTTdt
dw
J −−=                                                   (2) 
where WGJ  is the wind turbine mechanical inertia plus 
generator mechanical inertia (kg·m2), gT  generator 
electromagnetic torque (Nm), and D  friction coefficient 
(Nm/rad). 
PSCAD/EMTDC software library provides dedicated 
model of the wound rotor induction generator. In this paper 
the wound rotor induction generator model with detailed 
description of the stator and rotor direct and quadrature axis 
currents (or flux linkages) and the rotor speed is applied. For 
the back-to-back PWM voltage source converter used in the 
wind turbine model, an ideal model based on the energy 
conservation principle is utilized [7]. 
III. CONTROL AND PROTECTION SCHEMES 
For a variable speed wind turbine with a doubly fed 
induction machine, it is possible to control the load torque at 
the generator directly, so that the speed of the turbine rotor 
can be varied within certain limits. An advantage of variable 
speed wind turbine is that the rotor speed can be adjusted in 
proportion to the wind speed in low to moderate wind speeds 
so that the optimal tip speed ratio is maintained. At this tip 
speed ratio the aerodynamic efficiency, 
pC , is a maximum, 
which means that the energy conversion is maximized. 
In general, variable speed wind turbines may have two 
different control goals, depending on the wind speed. In low 
to moderate wind speeds, the control goal is maintaining a 
constant optimum tip speed ratio for maximum aerodynamic 
efficiency. In high wind speeds, the control goal is the 
maintenance of the rated output power. 
Two control schemes are implemented in the wind turbine 
model: speed control and pitch control. The speed control can 
be realized by adjusting the generator power or torque. The 
pitch control is a common control method to regulate the 
aerodynamic power from the turbine. 
A. Speed Control 
Vector-control techniques have been well developed for 
doubly fed induction generators using back-to-back PWM 
converters [8]. Two vector-control schemes are designed 
respectively for the rotor-side and grid-side PWM converters.  
The vector-control scheme for the rotor-side PWM 
converter is illustrated in Fig. 2. The induction generator is 
controlled in a synchronously rotating dq-axis frame, with the 
3-blade
turbine
gearbox
transformer
2.5MVA 2
wind
generator
capacitor
PWM
converter
PWM
converter wind
turbine
P=4MW
Q=2MVA
G
1
Zth
0.6764+j1.3527
0.3382+j0.6764 0.3382+j0.6764
 
Fig. 1.  Block diagram of a grid connected wind turbine with a doubly fed
induction generator. 
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Fig. 2.   Vector-control scheme for rotor-side converter. 
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d-axis oriented along the stator-flux vector position, which 
ensures decoupling control of stator-side active and reactive 
power flow into the grid. It provides the generator with wide 
speed-range operation, which enables the optimal speed 
tracking for maximum energy capture from the wind. 
The stator-side active and reactive power ss QP ,  flow into 
the grid can be expressed as (3) [9], where su  is the 
magnitude of the stator phase voltage [V], qrdr ii ,  are the rotor 
currents in d- and q-axis respectively [A], ms LL ,  are the stator 
and mutual inductances [H], sw  is the electrical angular 
velocity of the stator flux [rad/s]. 
)(
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                                                  (3) 
Assuming the stator voltage is constant, the stator-side 
active power and reactive power can be controlled via 
qri  and 
dri , which are regulated using the q- and d-axis rotor voltage 
drqr uu ,  respectively, as shown in Fig.2.  
Additionally, the electromagnetic torque is proportional to 
the q-axis rotor current [9]: 
qr
s
s
s
m
g iw
u
L
LpT
2
3
=                                                              (4) 
where p  is the number of pole pairs. 
 Fig. 3 shows the vector-control scheme for the grid-side 
PWM converter. The objective of the vector-control scheme 
for the grid-side PWM converter is to keep the DC-link 
voltage constant while controlling reactive power flow into 
the grid. The reference frame used here is oriented along the 
stator (or the grid) voltage vector position, enabling 
decoupling control of the DC-link voltage and the reactive 
power flow between the grid and the grid-side converter.  
The DC-link voltage dcu  can be expressed as follows [9] 
dcrgd
dc imi
dt
du
C −=
4
3                                                            (5) 
where 
gdi  is the d-axis current flowing between the grid and 
the grid-side converter [A], dcri  is the rotor-side DC current 
[A], C  is the DC-link capacitance [F], m  is the PWM 
modulation depth of the grid-side converter. 
The reactive power flow into the grid 
gQ  is as follows [9] 
gqgg iuQ 2
3
=                                                                          (6) 
where 
gu  is the magnitude of the grid phase voltage [V], gqi  
is the q-axis current flowing between the grid and the grid-
side converter [A]. 
 It is seen from (5) and (6) that the DC-link voltage and the 
reactive power flow into the grid can be controlled via 
gdi  and 
gqi , which are regulated using the d- and q-axis grid-side 
converter voltage 
gcquu ,gcd  respectively. Normally the gqi  
reference value is set to zero to ensure zero reactive power 
flow between the grid and the grid-side converter. 
B. Pitch Control 
The aerodynamic model of the wind turbine has shown that 
the aerodynamic efficiency is strongly influenced by variation 
of the blade pitch with respect to the direction of the wind or 
to the plane of rotation. Small changes in pitch angle can have 
a dramatic effect on the power output. 
In low to moderate wind speeds, the turbine should simply 
try to produce as much power as possible, so there is generally 
no need to vary the pitch angle. The pitch angle should only 
be at its optimum value to produce maximum power. In high 
wind speeds, pitch control provides a very effective means of 
regulating the aerodynamic power and loads produced by the 
rotor so that design limits are not exceeded. The relationship 
between pitch angle and wind speed is shown in Fig. 4. 
To put the blades into the necessary position, various 
control systems are employed. Reference [10] illustrates a 
simple pitch mechanism driven by an AC servomotor which 
subjects to external pitching moments (disturbances to the 
system). 
C. Protection Scheme 
Suitable protection should be provided in wind power 
Fig. 4.   The relationship between pitch angle and wind speed. 
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Fig. 3.   Vector-control scheme for grid-side converter. 
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generation systems to minimize the effects of possible 
abnormal operating conditions. The rotor current limit and 
DC-link voltage limit are included in the DFIG model, which 
are set depending on the wind turbine capacity and converter 
rating. In this model 1.5 times nominal value is implemented 
for both rotor current limit and DC-link voltage limit. The 
excess of either limit will activate the protection, which short-
circuits the generator rotor and deactivates the rotor-side 
converter, while the induction generator and the grid-side 
converter are kept in connection with the grid. 
IV. STUDIED SYSTEM 
The simulation study has been conducted on the system 
shown in Fig. 1, which represents a typical situation, where a 
load at bus 2 is supplied by a wind farm with DFIG 
represented by a single machine and by the external power 
system represented by a constant voltage source connected in 
series with its Thevenin’s equivalent impedance. The external 
power system connects to bus 2 through two parallel lines, 
and bus 2 is the point of common coupling. 
The wind turbine drives a 2 MW doubly fed induction 
generator connected with a back-to-back PWM voltage source 
converter in the rotor circuit. Table I provides the parameters 
of the generator in detail. During rated state operation the 
wind turbine generates 2 MW real power, which provides ½ 
of the load at Bus 2, while the output reactive power of the 
wind turbine is normally controlled as zero to keep the unity 
power factor. 
V. SIMULATION RESULTS 
The transient stability of wind power generation system 
after an external short-circuit depends on many factors, such 
as fault condition and network parameters [11]. When the 
post-fault situation is not serious enough to trigger the rotor 
protection devices, the control schemes of the DFIG operates 
as normal and try to restore the wind turbine’s normal 
operation after the fault is cleared. The transient process will 
be analysed in detail and demonstrated by the simulation 
results as follows. If the post-fault situation is serious enough, 
the protection devices in the rotor circuit will be triggered 
which yields a result that the generator rotor is short-circuited 
and the rotor-side converter is deactivated. In this situation, 
how to re-establish the voltage at the wind turbine terminal 
and restore the wind turbine’s normal operation is another 
study [12]. 
The wind applied here is produced according to the wind 
model introduced in § II. Since only one wind turbine is 
considered in this case, the park scale wind model is not 
included and only the rotor wind speed is applied. The fault 
event is a single-phase to ground short-circuit fault at the mid-
point of one of the two parallel lines, as shown in Fig.1, which 
TABLE I 
GENERATOR  PARAMETERS 
Parameter Value 
Rated power 2 MW 
Rated voltage 0.69 kV 
Base angular frequency 314.16 rad/s 
Stator/ rotor turns ratio 0.4333 
Angular moment of inertia (J=2H) 1.9914 p. u. 
Mechanical damping 0.02 p. u. 
Stator resistance 0.0175 p. u. 
Rotor resistance 0.019 p. u. 
Stator leakage inductance 0.2571 p. u. 
Rotor leakage inductance 0.295 p. u. 
Mutual inductance 6.921 p. u. 
 
Fig. 5.   Wind speed, DC-link voltage, voltage, torques (aerodynamic
torque and electromagnetic torque), generator rotor speed, active power
and reactive power in the simulated case. 
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begins at 2 s and after 150 ms the line is tripped. The 
simulation results for the transient process in an external 
short-circuit fault situation are shown in Fig. 5. 
During the post-fault transient process, the DC-link voltage 
remains below 1.5 times nominal value, which will not trigger 
the protection devices in the rotor circuit. It is seen from the 
simulation results that the control schemes operate as normal 
and are capable of forcing the rotor speed down and re-
establishing the voltage at the wind turbine terminal after the 
clearance of the short-circuit fault.  
Immediately after the fault occurs, the stator voltage and 
flux drop, which results in the significant reduction in the 
electromagnetic torque and power. Assuming the mechanical 
torque is kept constant, any reduction in the electromagnetic 
torque causes the rotor to accelerate. After the fault is cleared 
at 2.15s, as a result of control, the electromagnetic torque and 
power increase, which forces the generator rotor speed down. 
After a short time of oscillation, the voltage at the wind 
turbine terminal is rebuilt and the wind turbine retrieves its 
normal operation. During the transient process the control 
schemes try to control the wind turbine output reactive power 
as zero. 
The transient process is divided into two stages as follows, 
and in each stage the performances of the control schemes are 
analyzed in detail. The corresponding simulation results are 
shown in Fig. 6 where the timing axis is zoomed. 
A. During the Fault 
Immediately after the fault occurs at 2s, the voltage at the 
wind turbine drops. It is seen from (4) that the electromagnetic 
torque is proportional to the stator voltage. Thus the 
electromagnetic torque decreases as shown in Fig. 6. Since the 
aerodynamic torque is kept constant at this moment, any 
reduction in the electromagnetic torque causes the generator 
rotor to increase. 
It is known from (3) that, as the stator voltage dips, the 
stator-side active power sP  decreases while the stator-side 
reactive power sQ  increases, which are identified in Fig.6. 
The drop of sP  causes the active power difference 
srefs PPP −=∆ _  to increase, which is amplified by the PI 
controller, as shown in Fig. 2. Therefore the reference value of 
the q-axis rotor current *qri  increases as well. Similarly, the 
rise of sQ  makes the reactive power difference 
srefs QQQ −=∆ _  to decrease, which is amplified by the PI 
controller either. This leads to the reduction of the reference 
value of the q-axis rotor current *dri . The variations of 
*
qri  and 
*
dri  are reflected in the changes of the injected q- and d-axis 
rotor voltage 
drqr uu , , which manage to control sP  and sQ  to 
approach their reference values, as shown in Fig. 6. 
As the fault occurs the DC-link voltage increases. However, 
the control scheme for the grid-side converter then tries to 
control the DC-link voltage back to its reference value as 
shown in Fig. 6.  
B. After the Clearance of the Fault 
Once the short-circuit fault is cleared at 2.15s, the voltage at 
the wind turbine terminal starts to rise. The electromagnetic 
torque, which is proportional to the voltage, increases 
 
Fig. 6.   Electromagnetic torque, generator rotor speed, stator-side active 
power (reference value and real value), reference value of the q-axis 
rotor current, stator-side reactive power (reference value and real value), 
reference value of the d-axis rotor current, DC-link voltage in the 
simulated case. 
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instantly which results in the generator rotor speed dips. 
As a result of the voltage increase, the stator-side active 
power sP  increases while the stator-side reactive power sQ  
decreases. Similar as the analysis mentioned above, it is 
learned that as the voltage rises *qri  decreases while 
*
dri  
increases. The variations of *qri  and 
*
dri  are reflected in the 
changes of the injected q- and d-axis rotor voltage 
drqr uu , , 
which manage to control sP  and sQ  to approach their 
reference values. It is seen from Fig. 6 that the wind turbine 
restores its normal operation after a short-time oscillation. 
VI. CONCLUSION 
A simulation model of a MW-level wind turbine with DFIG 
developed in PSCAD/EMTDC is presented, and the control 
and protection schemes of the wind turbine are described in 
detail. Based on the wind turbine model, the transient stability 
of the wind turbine after a short-circuit fault has been 
investigated. When the post-fault situation is not serious 
enough to trigger the protection devices in the rotor circuit, 
the control schemes of the DFIG operates as normal and are 
capable of forcing the rotor speed down and re-establishing 
the voltage at the wind turbine terminal after the short-circuit 
fault is cleared. The simulation results demonstrate how the 
control schemes effectively manage to restore the wind 
turbine’s normal operation after the clearance of an external 
short-circuit fault.  
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Keywords: Doubly fed induction generator, flicker, 
STATCOM, wind turbine. 
Abstract 
Grid connected wind turbines may produce flicker during 
continuous operation. In this paper flicker emission of grid 
connected wind turbines with doubly fed induction generators 
is investigated during continuous operation. A STATCOM 
using PWM voltage source converter (VSC) is connected in 
shunt to the point of common coupling (PCC) to relieve the 
flicker produced by grid connected wind turbines and the 
corresponding control scheme is described in detail. 
Simulation results show that STATCOM is an effective 
measure to mitigate the flicker during continuous operation of 
grid connected wind turbines.  
1 Introduction 
In recent years wind power generation has experienced a very 
fast development in the whole world. As the wind power 
penetration into the grid is increasing quickly, the influence of 
wind turbines on the power quality is becoming an important 
issue. One of the important power quality aspects is flicker. 
 Flicker is induced by voltage fluctuations, which are caused 
by load flow changes in the grid. Grid connected wind 
turbines may have considerable fluctuations in output power, 
which depend on the wind power generation technology 
applied. The flicker emission produced by grid connected 
wind turbines during continuous operation is mainly caused 
by fluctuations in the output power due to wind speed 
variations, the wind gradient and the tower shadow effect [1]. 
 Regarding to variable speed wind turbines, which have the 
ability to reduce power fluctuations, flicker emission is quite 
different from that generated by fixed speed wind turbines. 
Variable speed operation of the rotor has the advantage that 
the faster power variations are not transmitted to the grid but 
are smoothed by the flywheel action of the rotor. Variable 
speed wind turbines with doubly fed induction generators, the 
most popular installed variable speed wind turbines 
worldwide, are the main research interest here [2]. 
 Even though variable speed wind turbines have good 
performance with respect to flicker emission, flicker 
mitigation becomes necessary as the wind power penetration 
level increases. Flicker mitigation can be realized by 
appropriate reactive shunt compensation. The most commonly 
used device for flicker mitigation is the Static Var 
Compensator (SVC). However, the STATCOM has received 
much more attention recently. Compared with the SVC, the 
STATCOM has many advantages, such as overall superior 
functional characteristics, better performance, faster response, 
smaller size, cost reduction, and capable of providing both 
active and reactive power [3]. Some research results also 
showed that the STATCOM is superior to the SVC with 
respect to flicker mitigation [4,5]. 
 The STATCOM, consisting of a voltage source converter, 
uses advanced power switches to provide fast response and 
flexible voltage control for power quality improvement, which 
is suitable to application with rapidly fluctuating loads. Using 
high frequency PWM, the converter will create smooth 
current with low harmonic content. 
 In this paper, flicker emission of grid connected wind 
turbines with doubly fed induction generators is investigated 
during continuous operation. The factors that affect flicker 
emission of wind turbines, such as wind speed, turbulence 
intensity, short circuit capacity and grid impedance angle, are 
analyzed. A simplified model of STATCOM using PWM 
voltage source converter is developed and the corresponding 
control scheme is described in detail. Simulation results prove 
that STATCOM is an effective means to mitigate the flicker 
level during continuous operation of grid connected wind 
turbines. 
2 Flicker emission of wind turbine 
2.1 Modelling and Control of Wind Turbine 
The wind turbine considered here applies a doubly fed 
induction generator, using back-to-back PWM voltage source 
converters in the rotor circuit. A complete wind turbine model 
includes the wind speed model, the aerodynamic model of the 
wind turbine, the mechanical model of the transmission 
system and models of the electrical components, namely the 
induction generator, PWM voltage source converters, 
transformer, the control and the supervisory system. Fig. 1 
illustrates the main components of a grid connected wind 
turbine. The simulation model of the wind turbine is 
developed in the dedicated power system analysis tool, 
PSCAD/EMTDC.  
Two control schemes are implemented in the wind turbine 
model: speed control and pitch control. The speed control can 
be realized by adjusting the generator power or torque. The 
pitch control is a common control method to regulate the 
aerodynamic power from the turbine. 
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Vector-control techniques have been well developed for 
doubly fed induction generators using back-to-back PWM 
converters [6]. Two vector-control schemes are designed 
respectively for the rotor-side and grid-side PWM converters, 
as shown in Fig. 2. 
The objective of the vector-control scheme for the grid-side 
PWM converter is to keep the DC-link voltage constant 
regardless of the magnitude and direction of the rotor power, 
while keeping sinusoidal grid currents. It may also be 
responsible for controlling reactive power flow into the grid. 
 The vector-control scheme for the rotor-side PWM 
converter ensures decoupling control of stator-side active and 
reactive power drawn from the grid. It provides the generator 
with wide speed-range operation, which enables the optimal 
speed tracking for maximum energy capture from the wind. 
2.2 Flicker Emission of Grid Connected Wind Turbine  
The system simulated in this study is shown as in Fig. 1. It 
represents a typical situation, where a wind farm with doubly 
fed induction generators represented by a single machine is 
integrated to the external power system represented by a 
constant voltage source connected in series with its 
Thevenin’s equivalent impedance. Bus 2 accounts for the 
point of common coupling. The external power system is 
connected to bus 2 through a line 1-2, where the impedance 
magnitude is 0.7562 Ω .  The impedance angle of the line 1-2 
is 63.4349 degrees, which corresponds to 2/ =RX , where X  
and R  are the reactance and resistance of the line 1-2 
respectively. The magnitude of the Thevenin’s equivalent 
impedance can be found out by the rated voltage and the short 
circuit capacity. 
The wind turbine drives a 2 MW doubly fed induction 
generator. Table 1 provides the parameters of the generator in 
detail. The wind turbine generates 2 MW real power during 
rated state operation, while the output reactive power of the 
wind turbine is normally controlled to be zero to keep the 
unity power factor. 
The study is concentrated on flicker emission and 
mitigation of grid connected wind turbines with doubly fed 
induction generators during continuous operation. The level of 
flicker is quantified by the short-term flicker severity stP , 
which is normally measured over a ten-minute period. 
According to IEC standard IEC 61000-4-15 [7], a flickermeter 
model is built to calculate the short-term flicker severity 
stP . 
A base case with parameters given in Table 2 is first 
considered. In the base case, the short-term flicker severity at 
bus 2, the point of common coupling, is calculated on the 
basis of the voltage variation and equals to 0.0322. 
Flicker emission of grid connected wind turbines depends 
on many factors, such as 
• Mean wind speed, v  
• Turbulence intensity, In  
• Short circuit capacity ratio, SCR  
• Grid impedance angle, kψ  
The short circuit capacity ratio is defined as: 
                      nk SSSCR =                                             (1) 
where kS   is the short circuit apparent power of the grid where 
the wind turbines are connected, 
nS  is the rated apparent 
power of the wind turbines. 
The dependence of flicker emission on grid impedance 
angle will be discussed in this section while the dependence 
on the mean wind speed, turbulence intensity and short circuit 
capacity ratio will be analyzed later in § 4. 
The voltage change V∆  across a power line may be 
approximately calculated with the following equation: 
                           
V
QXPRV +=∆                                            (2)    
where P  and Q  are the active and reactive power flow on the 
line respectively, R  and X  are the resistance and reactance of 
the grid line, and V  is the voltage at the line terminal. 
Prameter Value 
Rated power 2 MW 
Rated voltage 0.69 kV 
Base angular frequency 314.16 rad/s 
Stator/ rotor turns ratio 0.4333 
Angular moment of inertia (J=2H) 1.9914 p. u. 
Mechanical damping 0.02 p. u. 
Stator resistance 0.0175 p. u. 
Rotor resistance 0.019 p. u. 
Stator leakage inductance 0.2571 p. u. 
Rotor leakage inductance 0.295 p. u. 
Mutual inductance 6.921 p. u. 
Table 1: Generator parameters. 
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Fig. 1.  Block diagram of a grid connected wind turbine with
a doubly fed induction generator. 
Prameter Value 
Mean wind speed (v) 9 m/s 
Turbulence intensity (In) 0.1 
Short circuit capacity ratio (SCR) 20 
Grid impedance angle ( kψ) 63.4349 deg 
Table 2: Base values for simulation.
PWM PWM
rotor-side
vector
control
grid-side
vector
control
gi
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E
ri
si
sv
w
optimal
tracking refsP _ refsQ _ refE refrQ _
Fig. 2.  Block diagram for the vector-control schemes of
doubly fed induction generator. 
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The grid impedance angle is so important that the voltage 
changes from the real power flow may be cancelled by that 
from the reactive power flow. The determining factor is the 
difference between the grid impedance angle kψ  and the wind 
turbine power factor angle ψ  [8]. 
With 
               
PQ
RXk
/tan
/tan
=
=
ψ
ψ                                             (3) 
the equation (2) can be described as 
                          
V
PR
V k
)tantan1( ψψ ⋅+
=∆                          (4)        
It is seen from the equation (4) that when the difference 
between the grid impedance angle kψ  and the wind turbine 
power factor angle ψ  approaches 90 degrees, the flicker 
emission is minimized. 
As mentioned before, the variable speed wind turbine with 
doubly fed induction generator is capable of controlling the 
output active and reactive power respectively. Normally the 
output reactive power of the wind turbine is controlled as zero 
to keep the unity power factor. It is possible to control the 
output reactive power in proportion to the output active power 
so that the wind turbine power factor angle may approach the 
value of 90+kψ , which leads to reduced flicker levels. As the 
angle difference ( kψψ − ) approaches 90 degrees, the flicker 
level decreases, as shown in Fig. 3. 
Form Fig.3 it can be concluded that regulating the angle 
difference ( kψψ − ) by controlling the wind turbine output 
reactive power is an effective means to mitigate the flicker 
level. The shortcoming of this measure for flicker mitigation 
is that the wind turbine may absorb a quantity of reactive 
power from the grid. However, proper control of the wind 
turbine output reactive power might relieve the flicker level, 
and restrict the wind turbine terminal voltage in the proper 
region at the same time. 
3 Modelling and control of STATCOM 
It is possible to change the reactive power flow on the 
connection line by using reactive shunt compensators, such as 
STATCOM, to mitigate the flicker level during continuous 
operation of grid connected wind turbines. 
The STATCOM can be applied at any voltage level with a 
coupling transformer. In this studied system, a STATCOM is 
connected in shunt to the point of common coupling (bus 2) 
through a transformer, which is shown in Fig. 4. 
The STATCOM consists of a controllable PWM voltage 
source converter. The voltage source converter is preferred to 
the current source converter because the devices are clamped 
against over-voltages by the voltage across the DC-link 
capacitor bank, the losses are lower and the devices do not 
have to be able to withstand a large reverse voltage [9]. 
The function of the PWM voltage source converter is a 
fully controllable voltage source matching the grid voltage in 
frequency, with the amplitude and phase which can be 
continuously and rapidly controlled, so as to be used as the 
tool for reactive power control. A current is injected into the 
power system, which depends upon the difference between the 
converter output voltage and the grid voltage (and the 
impedance connecting the two voltage sources). By control of 
the voltage source converter output voltage in relation to the 
grid voltage, the voltage source converter will appear as a 
generator or absorber of reactive power. 
3.1 Simplified Model of PWM Voltage Source Converter 
For a detailed PWM voltage source converter model, the 
power electronic components should be switched on and off at 
a very high frequency (several kHz or higher), which requires 
a very small simulation time step to well represent the PWM 
waveforms. The simulation speed is thus fairly slow. 
Therefore, the detailed PWM voltage source converter model 
is unsuitable for flicker calculation that requires a long 
simulation time. 
Since the study interest is not concentrated on the switches 
of the PWM converter, an average model without switches is 
used so that the simulation can be carried out with a larger 
time step resulting in a simulation speed improvement [10], 
which is built based on the energy conservation principle.  
The average model assumes that the PWM voltage source 
converter will ideally reproduce the reference voltages from 
the control scheme. Thus the preferred voltages are directly 
applied on the grid without any switches. 
3.2 Control Scheme  
A vector-control approach is used, with a reference frame 
  
Fig. 3. Short-term flicker severity 
stP  variation with angle
difference ( smv /9= , 1.0=In , 20=SCR , °= 4349.63kψ ). 
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Fig. 4.  Block diagram of STATCOM. 
                                Power quality of grid-connected wind turbines with DFIG and their interaction with the grid 178 
oriented along the grid voltage vector position, enabling 
independent control of the active and reactive power flowing 
between the grid and STATCOM. The PWM voltage source 
converter is current regulated, with the d-axis current used to 
regulate the DC-link voltage and the q-axis current used to 
regulate the reactive power. Fig. 5 shows the schematic of the 
STATCOM. 
The voltage balance across the line is 
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where R  and L  are the resistance and inductance 
respectively. With the following abc-to-dq transformation 
matrix [11] 
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where θ  is the angle between the abc- and dq-axis, the 
corresponding equation in a dq reference frame rotating at ew  
is 
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 The active and reactive power flows are  
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 The angular position of the grid voltage is calculated as 
                     
α
βθ
u
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dtwee
1tan −== ∫                                       (9) 
where αu  and βu  are the stationary dq-axis grid voltage 
components. 
 Aligning the d-axis of the reference frame along the grid 
voltage position given by equation (9), 
qu  is zero, and du  is 
constant because the amplitude of the grid voltage is assumed 
to be constant. Therefore, the active power and reactive power 
will be proportional to di  and qi  respectively 
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 Neglecting harmonics due to switching and the losses in the 
resistance and the converter, following is valid 
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where m  is the PWM modulation depth of the voltage source 
converter. 
From equation (10) and (11), it is seen that the reactive 
power flow can be controlled via 
qi , and the DC-link voltage 
can be controlled via di . 
The vector-control scheme with a cascaded control 
structure for the STATCOM is shown in Fig. 6. Usually the 
inner control loop is set much faster than the outer loop. When 
designing the outer control loop, it is possible to neglect the 
dynamics of the inner control loop. This assumption will make 
the controller design of the outer loop much easier. PI 
controllers are applied in this study for their simplicity and 
robustness. 
The control scheme thus utilizes current control loops for 
di  and qi , with the di  demand being derived from the DC-link 
voltage control loop and the 
qi  demand from the reactive 
power control loop. 
 The *1du  and *1qu  are the reference values for the voltage 
source converter, which are described as 
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Fig. 5.  Schematic of STATCOM. 
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4 Flicker mitigation using STATCOM  
In this study, the STATCOM is connected in shunt to bus 2 
(PCC) to mitigate the flicker level during continuous 
operation of the grid connected wind turbine. With the vector-
control scheme, the DC-link voltage and the reactive power 
generated or absorbed by the STATCOM can be controlled 
via the d-axis and q-axis current respectively. Normally the 
DC-link voltage is kept as constant. The reactive power 
generated or absorbed by the STATCOM may be varied with 
the output active power of the wind turbine. 
 Since the wind turbine output reactive power WTGQ  is 
normally controlled as zero to keep the unity power factor, 
regulating the reactive power generated or absorbed by the 
STATCOM, STATQ , may change the reactive power flow on 
the line 1-2. The power flow in the studied system is 
schematically shown in Fig. 7. As mentioned before, when the 
difference between the grid impedance angle kψ  and the line 
power factor angle ψ  approaches 90 degrees, the flicker 
emission is minimized. Therefore the reactive power absorbed 
by the STATCOM, STATQ , can be controlled in proportion to 
the wind turbine output active power, WTGP , so that the power 
factor angleψ  of the line 1-2 is adjusted to approach the value 
of 90+kψ  degrees to relieve the flicker level. 
The dependence of flicker emission on the angle difference 
( kψψ − ) is shown in Fig. 8. It is seen that as the angle 
difference approaches 90 degrees the flicker level decreases. 
Therefore controlling the reactive power flow of the 
STATCOM provides an efficient means to mitigate the flicker 
level. 
As shown in Fig. 8, when the angle difference ( kψψ − ) 
equals to 90 degrees, the flicker level is minimized, which 
applies to any cases with any parameters. The following 
paragraphs illustrate the dependence of flicker emission on the 
mean wind speed, turbulence intensity and short circuit 
capacity ratio, in both cases with and without STATCOM. 
The relationships between the short-term flicker 
severity stP and different parameter in both cases are almost the 
same. Compared with the situation without STATCOM, when 
the angle difference (
kψψ − ) is regulated to be 90 degrees by 
controlling the reactive power flow of the STATCOM, the 
flicker level is significantly reduced. 
The variation of short-term flicker severity stP  with mean 
wind speed is illustrated in Fig. 9. As it is shown, at low wind 
speeds (less than 7.5 m/s), the stP  value is very low due to 
little output power. Then the stP  value increases 
approximately linearly with the mean wind speed until it 
reaches 11.5 m/s, where the pitch angle begins to change 
obviously. For higher wind speeds, where the wind turbine 
reaches rated power, the pitch angle modulation reduces 
significantly the turbulence-induced fluctuations reflected in 
the output power of the wind turbine, which results in the 
reduced flicker levels. 
The relationship between the stP  and turbulence intensity 
varies with different mean wind speeds, which is evident in 
Fig. 10 and Fig. 11. As it is shown in Fig. 10, in low wind 
speeds (for example, 9 m/s), the stP  has an almost linear 
relation with the turbulence intensity. The more turbulence in 
the wind results in larger flicker emission. However, in high 
wind speeds (for example, 18 m/s) as shown in Fig. 11, where 
the wind turbine is controlled to keep the rated output power, 
the relationship between the stP  and turbulence intensity is 
quite different. When the turbulence intensity of the wind is 
low, the wind profile varies in a small range that corresponds 
to a rated output power. The stP  value is low due to little 
power fluctuation as a result of the aerodynamic control. As 
the turbulence intensity increases, the wind profile changes 
significantly which results in a large variation of output 
power. As a consequence, the flicker emission becomes 
serious. 
Fig. 12 illustrates an approximately inversely proportional 
relationship between the short-term flicker severity stP  and 
the short circuit capacity ratio. The higher the short circuit 
capacity ratio, the stronger the grid that the wind turbine is 
connected. As expected, the wind turbine would produce 
greater flicker in weak grids than in stronger grids. 
From Figs. 9–12, it can be concluded that the regulating the 
angle difference ( kψψ − ) by controlling the reactive power 
flow of the STATCOM is an effective means for flicker 
mitigation in any cases with any mean wind speed, turbulence 
intensity and short circuit capacity ratio. 
5 Conclusion 
A STATCOM is connected in shunt to the point of common 
coupling to mitigate the flicker level during continuous 
operation of the grid connected wind turbine. The reactive 
power flow of the STATCOM is controlled in proportion to 
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Fig. 7. Schematic of power flow in the studied system. 
 
Fig. 8. Short-term flicker severity 
stP  variation with angle 
difference using STATCOM ( smv /9= , 1.0=In , 20=SCR , 
°= 4349.63kψ ). 
                                Power quality of grid-connected wind turbines with DFIG and their interaction with the grid 180 
the output active power of the wind turbine, so that the 
difference between the grid impedance angle kψ  and the line 
power factor angle ψ  approaches 90 degrees, which leads to a 
reduced flicker level. The simulation results show that the 
STATCOM is an effective means for flicker mitigation in any 
cases with any mean wind speed, turbulence intensity and 
short circuit capacity ratio. 
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Fig. 9. Short-term flicker severity 
stP  variation with mean 
wind speed ( 1.0=In , 20=SCR , °= 4349.63kψ , without 
STATCOM (asterisk), with STATCOM (square)). 
  
Fig. 10. Short-term flicker severity 
stP  variation with 
turbulence intensity ( smv /9= , 20=SCR , °= 4349.63kψ , 
without STATCOM (asterisk), with STATCOM (square)).
 
 
 Fig. 11. Short-term flicker severity 
stP  variation with 
turbulence intensity ( smv /18= , 20=SCR , °= 4349.63kψ , 
without STATCOM (asterisk), with STATCOM (square)). 
 
Fig. 12. Short-term flicker severity 
stP  variation with short 
circuit capacity ratio ( smv /9= , 1.0=In , °= 4349.63kψ , 
without STATCOM (asterisk), with STATCOM (square)).
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Abstract—The fast development of wind power 
generation brings new requirements for wind turbine 
integration to the network. After the clearance of an 
external short-circuit fault, the voltage at the wind turbine 
terminal should be re-established with minimized power 
losses. This paper concentrates on voltage recovery of 
variable speed wind turbines. The models of two different 
kinds of variable speed wind turbines, respectively with 
slip control and with doubly fed induction generator 
(DFIG), are developed in PSCAD/EMTDC. In both wind 
power generation systems, control strategies are 
proposed to re-establish the wind turbine terminal voltage 
after the clearance of an external short-circuit fault, which 
have been demonstrated by simulation results. 
 
 
I. INTRODUCTION 
S a result of conventional energy sources 
consumption and increasing environmental concern, 
efforts have been made to generate electricity from 
renewable sources, such as wind energy sources. 
Institutional support on wind energy sources, together 
with the wind energy potential and improvement of wind 
energy conversion technology, has led to a fast 
development of wind power generation in recent years. 
The continuous increase of wind power penetration 
level is likely to influence the operation of the existing 
utilities’ networks, especially the power system stability. 
Specifications are now being revised to reflect new 
requirements for wind turbine integration to the network. 
According to the new requirements, after the clearance 
of a short-circuit fault in the external network, the voltage 
at the wind turbine terminal shall be re-established 
without wind turbine disconnection caused by inrush 
current and dipped voltage. The reason is, when the 
wind power penetration level is high, the protective 
disconnection of a large amount of wind power may 
cause an important loss of generation that may threaten 
the power system stability.   
Regarding fixed speed wind turbines with conventional 
induction generators, the voltage recovery after the 
clearance of an external system fault may be assisted 
with dynamic reactive compensation, adjustment of relay 
settings of wind turbines, and control ability of wind 
turbines [1]. Adjusting the protective relay settings may 
be necessary for the wind turbines to stay grid-
connected during a longer time at post-fault operational 
situations. This makes it possible to rebuild the voltage 
with other means. However, the arrangement of 
adjusting the relay settings alone is not enough to solve 
the whole problem of re-establishing the voltage. 
Compared with fixed speed wind turbines with 
conventional induction generators, variable speed wind 
turbines, respectively with slip control and with DFIG, 
have more control flexibilities. Therefore, it is possible to 
realize the voltage recovery of variable speed wind 
turbines through the control schemes implemented in 
the wind turbines.  
 This paper concentrates on voltage recovery of 
variable speed wind turbines, respectively with slip 
control and with DFIG. The models of such two kinds of 
variable speed wind turbines developed in 
PSCAD/EMTDC are presented, and the control and 
protection schemes of the wind turbines are described. 
In both wind power generation systems, control 
strategies are proposed to re-establish the wind turbine 
terminal voltage after the clearance of an external short-
circuit fault, which have been demonstrated by 
simulation results. 
 
II. WIND TURBINE MODEL 
Two kinds of variable speed wind turbines are 
considered in this paper. The variable speed wind 
turbine with slip control is a very low-cost and simple 
variable speed system. However, this topology can only 
provide a limited speed-range operation. Variable speed 
wind turbines with DFIG are the most popular variable 
speed wind turbines worldwide, which is capable of 
providing wide speed-range operation. 
The complete wind turbine model includes the wind 
speed model, the aerodynamic model of the wind 
turbine, the mechanical model of the transmission 
system, models of the electrical components, and the 
control and supervisory system.  
The simulation models of these two kinds of variable 
speed wind turbines are developed in the dedicated 
power system analysis tool, PSCAD/EMTDC. The grid 
and the electrical components of the wind turbines are 
built with standard electrical component models from 
PSCAD/EMTDC library. The models of the wind speed 
and the aerodynamic, mechanical and control 
components of the wind turbine are built with custom 
components developed in PSCAD/EMTDC. The block 
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diagrams of variable speed wind turbines with slip 
control and with DFIG are respectively shown in Fig. 1 
and Fig. 2. 
Wind simulation plays an important task in wind 
turbine modeling, particularly for dynamic interaction 
analysis between wind farms and the power system to 
which they are connected. A wind model has been 
developed to support such studies [2], [3], which is 
applied in this paper. The structure of the wind model is 
built into two steps: The first step of the wind model is 
the park scale wind model, which simulates the wind 
speed in hub height at each wind turbine, taking into 
account the park scale coherence; The second step of 
the wind model is the rotor wind model, which includes 
the influence of rotational sampling and the integration 
along the wind turbine blades as the blades rotates. The 
rotor wind model provides an equivalent wind speed for 
each wind turbine, which is conveniently used as input to 
a simplified aerodynamic model of the wind turbine. 
A simplified aerodynamic model is normally used 
when the electrical behavior of the wind turbine is the 
main interest of the study. The relation between the wind 
speed and aerodynamic torque may be described by the 
following equation: 
λλθρπ /),(
2
1 23
peqw CvRT =                                     (1) 
where wT  is the aerodynamic torque extracted from the 
wind [Nm], ρ  the air density [kg/m3], R  the wind 
turbine rotor radius [m], eqv  the equivalent wind speed 
[m/s], θ  the pitch angle of the rotor [deg], 
eqrot vRw /=λ  the tip speed ratio, where rotw  is the 
wind turbine rotor speed [rad/s], pC  the aerodynamic 
efficiency of the rotor. 
As for the mechanical model, emphasis is put on the 
parts of the dynamic structure of the wind turbine that 
contribute to the interaction with the grid. Therefore, only 
the drive train is considered, while the other parts of the 
wind turbine structure, e.g. tower and flap bending 
modes, are neglected. When modeling the drive train, it 
is a common practice to neglect the dynamics of the 
mechanical parts, as their responses are considerably 
slow in comparison to the fast electrical ones, especially 
for machines with great inertia. The rotational system 
may therefore be modeled by a single equation of 
motion: 
rotgw
rot
WG DwTTdt
dw
J −−=                                          (2) 
where WGJ  is the wind turbine mechanical inertia plus 
generator mechanical inertia (kg·m2), gT  generator 
electromagnetic torque (Nm), and D  friction coefficient 
(Nm/rad). 
 As mentioned before, the grid and the electrical 
components of the wind turbine are built with standard 
electrical component models from PSCAD/EMTDC 
library. The variable speed wind turbine with slip control 
applies a wound rotor induction generator, with an 
external resistor connected to the rotor through power 
electronic devices. There are capacitor banks connected 
to the wind turbine terminal for reactive power 
compensation.  
 The variable speed wind turbine with DFIG employs a 
wound rotor induction generator using a back-to-back 
PWM voltage source converter in the rotor circuit. An 
ideal model based on the energy conservation principle 
is utilized for the back-to-back PWM voltage source 
converter used in the wind turbine model [4]. 
III. CONTROL AND PROTECTION SCHEMES 
A. Wind Turbine with Slip Control 
The wind turbine may be controlled through two ways: 
dynamic slip control and pitch control. It is possible for 
the wind turbine to adjust the electromagnetic torque 
and the aerodynamic torque by dynamic slip control and 
pitch control. 
Wind turbines are subject to random periodic output 
fluctuations due to wind speed fluctuations, tower-
shadowing effects, natural resonance of components, 
etc. Controlling the slip value of the generator can 
smooth the output power fluctuation of the wind turbine. 
For a continuous adjustment of slip, a rapid change of 
rotor circuit resistance between short-circuited rotor 
winding and full resistance of the external resistor in the 
rotor circuit can be implemented by a switching device 
as shown in Fig. 1 to produce output-smoothed or 
efficient operating areas [5]. Thus, in the partial-load 
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Fig. 1.  Block diagram of a grid connected wind turbine with slip
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Fig. 2  Block diagram of a grid connected wind turbine with
DFIG. 
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area, low slip values can be set and altered slightly to 
achieve a high level of efficiency. 
The average resistance in series with the rotor circuit 
is expressed as 
rRr sa ⋅=                                                                       (3) 
where ar  is the average resistance in series with the 
rotor circuit (Ω), r  is the full resistance of the external 
resistor (Ω), toffs TTR =  is the switching duty ratio of 
the semiconductor switch, where offT  is the switch off 
time (s) and tT  is the switching period (s). 
In practice, below rated torque, the generator acts just 
like a conventional induction machine. Once the rated 
torque is reached, the resistors in series with the rotor 
circuit are adjusted by switching the semiconductor 
switch on and off at several kHz, and the average 
resistance is changed by varying the switching duty 
ratio. As the average resistance increases, the generator 
torque-slip curve changes so that the torque is kept at 
the rated value. 
The aerodynamic model of the wind turbine has 
shown that the aerodynamic efficiency is strongly 
influenced by variation of the blade pitch with respect to 
the direction of the wind or the plane of rotation. 
Regulating the rotor blades provides an effective means 
to regulate or limit the turbine power in high wind speed, 
or other abnormal conditions. To put the blades into the 
necessary position, various control systems are 
employed. Reference [6] illustrates a simple pitch 
mechanism driven by an AC servomotor which subjects 
to external pitching moments (disturbances to the 
system).  
B.  Wind Turbine with DFIG 
Two control schemes are implemented in the wind 
turbine model: speed control and pitch control. The 
speed control can be realized by adjusting the generator 
power or torque. As mentioned before, the pitch control 
is a common control method to regulate the 
aerodynamic power from the turbine.                           
Vector-control techniques have been well developed 
for doubly fed induction generators using back-to-back 
PWM converters [7]. The speed control scheme is 
composed by two vector-control schemes, respectively 
designed for the rotor-side and grid-side PWM 
converters, as shown in Fig. 3. 
The objective of the vector-control scheme for the 
grid-side PWM converter is to keep the DC-link voltage 
constant regardless of the magnitude and direction of 
the rotor power, while keeping sinusoidal grid currents. It 
may also be responsible for controlling reactive power 
flow into the grid. 
The vector-control scheme for the rotor-side PWM 
converter ensures decoupling control of stator-side 
active and reactive power drawn from the grid. It 
provides the generator with wide speed-range operation, 
which enables the optimal speed tracking for maximum 
energy capture from the wind. 
Suitable protection should be provided in wind power 
generation systems to minimize the effects of possible 
abnormal operating conditions. The rotor current limit 
and DC-link voltage limit are included in the DFIG 
model, which are set depending on the wind turbine 
capacity and converter rating. In this model 1.5 times 
nominal value is implemented for both rotor current limit 
and DC-link voltage limit. The excess of either limit will 
activate the protection, which short-circuits the generator 
rotor and deactivates the rotor-side converter, while the 
induction generator and the grid-side converter are kept 
in connection with the grid. 
 
IV. TRANSIENT ANALYSIS 
For a wind turbine with conventional induction 
generator, during a short-circuit fault in the external grid, 
the short circuit current arises, the voltage at the wind 
turbine terminal drops, which leads to the reduction in 
the output electrical power and the electromagnetic 
torque. Assuming the aerodynamic torque is kept 
constant, any reduction in the electromagnetic torque 
causes the rotor to accelerate. After the clearance of the 
fault, reactive power is supplied by the power system to 
recover the air-gap flux. This causes high inrush current 
to be drawn by the wind turbine from the power system, 
which in turn causes a voltage drop at the wind turbine 
terminal. The resulting electromagnetic torque acts on 
the rotor in a direction opposite to that of aerodynamic 
torque applied by wind turbine. If the electromagnetic 
torque is strong enough in comparison with the 
aerodynamic torque, the rotor speed is forced to slow 
down and the wind turbine retains its normal operating 
condition eventually. On the contrary, the rotor speed 
could continue to increase until appropriate protection 
devices trip it. When this happens, the voltage at the 
wind turbine terminal drops. 
It can be concluded from the above transient analysis 
that, after the clearance of the external short-circuit fault, 
increasing the electromagnetic torque or decreasing the 
aerodynamic torque will help to force the rotor speed 
down and re-establish the voltage at the wind turbine 
terminal.  
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Fig. 3.   Block diagram for the vector-control schemes of DFIG. 
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V. CONTROL STRATEGIES AND SIMULATION RESULTS 
The study has been conducted on the system shown 
in Fig. 4, which represents a typical situation, where a 
load at bus 2 is supplied by a wind farm represented by 
a single machine and by the external power system 
represented by a constant voltage source connected in 
series with its Thevenin’s equivalent impedance. The 
external power system connects to bus 2 through two 
parallel lines, and bus 2 is the point of common coupling.  
The fault event is a three-phase to ground short-circuit 
fault on one of the two parallel lines. It begins at 2 s and 
after 150 ms the line is tripped. 
A. Wind Turbine with Slip Control 
After the clearance of the short-circuit fault, regulating 
the generator slip and pitch angle can increase the 
electromagnetic torque and decrease the aerodynamic 
torque of wind turbine, which helps to re-establish the 
voltage at the wind turbine terminal. 
Fig. 5 shows the effect of re-establishing the wind 
turbine voltage by regulating the generator slip and the 
blade pitch angle after the clearance of a short-circuit 
fault. During the short-circuit fault, i.e. 2 – 2.15 s, the 
short circuit current arises, the voltage at the wind 
turbine terminal drops. Due to the voltage dip, the output 
electrical power and the electromagnetic torque are 
significantly reduced. Since the aerodynamic torque is 
almost kept invariable, any reduction in the electro-
magnetic torque causes the rotor to accelerate. After the 
clearance of the fault, i.e. 2.15 s, reactive power is 
supplied by the power system to recover the air-gap flux. 
This causes high inrush current to be drawn by the wind 
turbine from the power system, which in turn causes a 
voltage drop at the wind turbine terminal. 
Since 2.25 s, the pitch angle and switching duty ratio 
are regulated to reduce the aerodynamic torque, and at 
the same time, to strengthen the electromagnetic torque. 
The pitch rate is limited by sec/5°± . After the voltage 
has been recovered, i.e. approximately 3.75 s, the pitch 
angle and switch duty ratio are adjusted back to the 
initial values. It can be seen that dynamic slip control 
and pitch control provide an effective and quick means 
to rebuild the wind turbine voltage after the fault 
clearance. 
B. Wind Turbine with DFIG 
A new control strategy is proposed to contribute to re-
establish the voltage at wind turbine terminal without any 
wind turbine disconnection after a short-circuit fault. This 
control strategy takes advantage of the benefits of pitch 
controlled variable speed wind turbine.  
After an occurrence of a short-circuit fault in the 
external networks, the following control steps are 
performed: 
1. The excess of either the rotor current limit or the DC-
link voltage limit will activate the protection to short-
circuit the generator rotor and deactivate the rotor-
side converter, while the induction generator and the 
grid-side converter are kept in connection with the 
grid.   
 
Fig. 5.  Voltage, torques, generator rotor speed, current, output 
power, pitch angle and switching duty ratio under combined 
control of generator slip and pitch angle. 
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Fig. 4  Studied system. 
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2. Regulating the pitch angle reduces the aerodynamic 
power. Thus the generator rotor speed is slowed 
down which leads to the voltage recovery at the wind 
turbine terminal. 
3. After the clearance of the short-circuit fault and the 
voltage recovery of the wind turbine, the rotor-side 
converter is put back into work and the DIFG 
restores it normal operation. 
In Fig.6 the simulation results for the control strategy 
implemented in the studied system are shown. 
Immediately after the fault occurs, the short-circuit 
current increases and the stator voltage and flux drop 
towards zero. The rotor current then increases to 
attempt to maintain the flux linkage [8]. The increase of 
the rotor current in turn causes the rise of the rotor 
voltage and the DC-link voltage. Meanwhile, the drop of 
the stator voltage and flux results in the significant 
reduction in the electromagnetic torque and power. 
Assuming the mechanical torque is kept constant, any 
reduction in the electromagnetic torque causes the rotor 
to accelerate. 
Once the DC-link voltage exceeds the limit, at 
approximately 2.008 s, the generator rotor is short-
circuited and the rotor-side converter is deactivated after 
a 40 ms time delay, while the grid-side converter is kept 
in connection with the grid, which is responsible for 
keeping the DC-link voltage constant and ensuring zero 
reactive power flow between the converter and the grid. 
From this moment on, the generator behaves as a 
conventional induction generator. It has been noticed 
that the DC-link voltage begins to decrease after the 
protection trip and retains its nominal value quickly. 
Increasing the pitch angle may reduce the 
aerodynamic torque, which helps to slow the rotor speed 
down and re-establish the voltage at the wind turbine 
terminal. It is assumed that a control signal to order the 
reduction of aerodynamic torque is given when the 
generator rotor is short-circuited. The pitch rate is limited 
by sec/5°± . As it is shown in Fig. 6, since approximately 
2.048 s the pitch angle is increased to reduce the 
aerodynamic torque, which leads to the reduction of the 
rotor speed and the recovery of the wind turbine terminal 
voltage. It can be seen, before the voltage is rebuilt, a 
large amount of reactive power is drawn from the grid 
that results in high inrush current. After the generator 
rotor speed is forced down and the voltage has been 
recovered, i.e. approximately 6.3 s, the pitch angle is 
adjusted back to the normal value to produce more 
power. As the generator operates as a conventional 
induction generator, the generator speed is near the 
synchronous speed and a quantity of reactive power is 
drawn from the external grid. 
After the clearance of the external short-circuit, the 
rotor-side converter is put back into work about 6 s later 
than the voltage recovery of the wind turbine. The 
controllers of the PWM back-to-back voltage source 
converter then try to control the DFIG as normal. The 
rotor-side controller tries to control the stator-side active 
power according to the generator rotor speed, while 
reducing the stator-side reactive power to zero. The grid-
side controller maintains the DC-link voltage as constant 
and, at the same time, ensures zero reactive power 
exchange between the grid-side converter and the grid. 
Fig. 6.  Voltage, stator current, DC-link voltage, torques, 
generator rotor speed, active power, reactive power and pitch 
angle in the simulated case. 
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The injected voltage in the rotor circuit is controlled to 
rise slowly from zero to the value required by the rotor-
side controller. Even though, the rotor injected voltage 
interference brings the wind turbine into a short term of 
oscillations. The oscillations vanish in 3 s, and then, at 
approximately 15.3 s, the wind turbine with DIFG 
manages to retain it normal operation. 
VI. CONCLUSION 
Two different kinds of variable speed wind turbine 
models, respectively with slip control and DFIG, are 
developed in PSCAD/EMTDC. The control and 
protection schemes implemented in the wind turbine 
models are presented. Based on the transient analysis 
of wind turbines after an external short-circuit fault, 
different kinds of control strategies are proposed to re-
establish the wind turbine voltage after the fault 
clearance in both wind power generation system, which 
are proved to be effective by the simulation results.  
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Abstract—The fast development of wind power generation 
brings new requirements for wind turbine integration to the 
network. After the clearance of an external short-circuit fault, 
the voltage at the wind turbine terminal should be re-established 
with minimized power losses. This paper concentrates on voltage 
recovery of variable speed wind turbines with doubly fed 
induction generators (DFIG). A simulation model of a MW-level 
variable speed wind turbine with a DFIG developed in 
PSCAD/EMTDC is presented, and the control and protection 
schemes are described. A new control strategy is proposed to re-
establish the wind turbine terminal voltage after the clearance of 
an external short-circuit fault, and then restore the normal 
operation of the variable speed wind turbine with DFIG, which 
has been demonstrated by simulation results. 
 
I. INTRODUCTION 
As a result of conventional energy sources consumption 
and increasing environmental concern, efforts have been made 
to generate electricity from renewable energy sources, such as 
wind energy. Institutional and governmental support on wind 
energy sources, together with the wind energy potential and 
improvement of wind energy conversion technology, has led 
to a fast development of wind power generation in recent 
years. 
The continuous increase of the wind power penetration 
level is likely to influence the operation of the existing utilities 
networks, especially the power system stability. Specifications 
are now being revised to reflect new requirements for wind 
turbine integration to the network. According to the 
specification in Denmark [1], at a short-circuit fault in the 
external grid, the voltages at the wind turbine terminals should 
be re-established after the fault clearance without any power 
loss caused by disconnection of wind turbines. The similar 
requirements can be found in the specifications in Germany, 
the Netherlands, England and Wales [2]. The reason is, when 
the wind power penetration level is high, the protective 
disconnection of a large amount of wind power will be an 
unacceptable consequence that may threaten the power system 
stability. 
 Regarding fixed speed wind turbines with conventional 
induction generators, the voltage recovery after the clearance 
of an external system fault may be assisted with dynamic 
reactive compensation, adjustment of relay settings of wind 
turbines, and control ability of wind turbines [3], [4]. For 
variable speed wind turbines with slip control, dynamic slip 
control and pitch control may contribute to rebuild the voltage 
at the wind turbine terminal and maintain the power system 
stability after the clearance of an external short-circuit fault 
[5]. Variable speed wind turbines with DFIG, presently the 
most popular installed variable speed wind turbines 
worldwide, have shown better behaviors concerning system 
stability during short-circuit faults in comparison with fixed 
speed wind turbines [6], [7]. However, there are few 
literatures related to voltage recovery of variable speed wind 
turbines with DFIG after the clearance of an external short-
circuit fault. 
This paper concentrates on voltage recovery of variable 
speed wind turbines with DFIG after the clearance of an 
external short-circuit fault. A simulation model of a MW-level 
wind turbine with a DFIG developed in PSCAD/EMTDC is 
presented, and the control and protection schemes of the wind 
turbine are described. Based on the wind turbine model, the 
stability of wind turbine after an external short-circuit fault 
has been investigated. A new control strategy is proposed to 
re-establish the wind turbine terminal voltage after the 
clearance of an external short-circuit fault, and then restore the 
normal operation of the variable speed wind turbine with 
DFIG, which has been demonstrated by simulation results. An 
emergency pitch regulation scheme is also developed, which 
is applied for power reduction in the situation of faults. 
II. WIND TURBINE MODEL 
The wind turbine considered here applies a DFIG, using a 
back-to-back PWM voltage source converter in the rotor 
circuit. Variable speed operation of the wind turbine can be 
realized by appropriate adjustment of the rotor speed and pitch 
angle. 
A complete wind turbine model includes the wind speed 
model, the aerodynamic model of the wind turbine rotor, the 
mechanical model of the transmission system and models of 
the electrical components, namely the induction generator, 
PWM voltage source converters, transformer, and the control 
and supervisory system. Fig. 1 illustrates the main 
components of a grid-connected wind turbine. 
The simulation model of the wind turbine is developed in 
the dedicated power system analysis tool, PSCAD/EMTDC. 
The grid model and the electrical components of the wind 
turbine are built with standard electrical component models 
from PSCAD/EMTDC library. The models of the wind speed 
and the aerodynamic, mechanical and control components of 
the wind turbine are built with custom components developed 
in PSCAD/EMTDC. 
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Wind simulation plays an important role in wind turbine 
modeling, particularly for dynamic interaction analysis 
between wind farms and the power system to which they are 
connected. A wind model has been developed to support such 
studies [8], [9], which is applied in this paper. The structure of 
the wind model is built into two steps: The first step of the 
wind model is the park scale wind model, which simulates the 
wind speed in hub height at each wind turbine, taking into 
account the park scale coherence; The second step of the wind 
model is the rotor wind model, which includes the influence 
of rotational sampling and the integration along the wind 
turbine blades as the blades rotates. The rotor wind model 
provides an equivalent wind speed for each wind turbine, 
which is conveniently used as input to a simplified 
aerodynamic model of the wind turbine. 
A simplified aerodynamic model is normally used when the 
electrical behavior of the wind turbine is the main interest of 
the study. The relation between the wind speed and 
aerodynamic torque can be described by the following 
equation: 
λλθρπ /),(
2
1 23
peqW CvRT =                                             (1) 
where WT  is the aerodynamic torque extracted from the wind 
[Nm], ρ  the air density [kg/m3], R  the wind turbine rotor 
radius [m], eqv  the equivalent wind speed [m/s], θ  the pitch 
angle of the rotor [deg], eqrot vRw /=λ  the tip speed ratio, 
where rotw  is the wind turbine rotor speed [rad/s], pC  the 
aerodynamic efficiency of the rotor. 
Numerical approximations have been developed to 
calculate pC  for given values of θ  and λ [10], [11]. Here, the 
following approximation is used 
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As for the mechanical model, emphasis is put on the parts of 
the dynamic structure of the wind turbine that contribute to the 
interaction with the grid. Therefore, only the drive train is 
considered, while the other parts of the wind turbine structure, 
e.g. tower and flap bending modes, are neglected. When 
modeling the drive train, it is a common practice to neglect the 
dynamics of the mechanical parts, as their responses are 
considerably slow in comparison to the fast electrical ones, 
especially for machines with great inertia. The rotational 
system may therefore be modeled by a single equation of 
motion: 
rotGW
rot
WG DwTTdt
dw
J −−=                                                 (4) 
where WGJ  is the wind turbine mechanical inertia plus 
generator mechanical inertia [kg·m2], GT  generator 
electromagnetic torque [Nm], and D  friction coefficient 
[Nm/rad]. 
PSCAD/EMTDC software library provides dedicated 
model of the wound rotor induction generator. In this paper 
the wound rotor induction generator model with detailed 
description of the stator and rotor direct and quadrature axis 
currents (or flux linkages) and the rotor speed is applied. For 
the back-to-back PWM voltage source converter used in the 
wind turbine model, an ideal model based on the energy 
conservation principle is utilized [12]. 
III. CONTROL AND PROTECTION SCHEMES 
For a variable speed wind turbine with a DFIG, it is 
possible to control the load torque at the generator directly, so 
that the speed of the turbine rotor can be varied within certain 
limits. An advantage of variable speed wind turbine is that the 
rotor speed can be adjusted in proportion to the wind speed in 
low to moderate wind speeds so that the optimal tip speed 
ratio is maintained. At this tip speed ratio the aerodynamic 
efficiency, 
pC , is a maximum, which means that the energy 
conversion is maximized. 
In general, variable speed wind turbines may have two 
different control goals, depending on the wind speed. In low 
to moderate wind speeds, the control goal is maintaining a 
constant optimum tip speed ratio for maximum aerodynamic 
efficiency. In high wind speeds, the control goal is the 
maintenance of the rated output power. 
Two control schemes are implemented in the wind turbine 
model: speed control and pitch control. The speed control can 
be realized by adjusting the generator power or torque. The 
pitch control is a common control method to regulate the 
aerodynamic power from the turbine. 
A. Speed control 
Vector-control techniques have been well developed for 
DFIG using back-to-back PWM converters [13]. Two vector-
control schemes are designed respectively for the rotor-side 
and grid-side PWM converters, as shown in Fig. 2, where 
ss iv ,  are the stator voltages and currents, ri  is the rotor 
currents, gv  is the grid voltages, gi  is the grid-side converter 
currents, rw  is the electrical angular velocity of the generator 
rotor, E  is the DC-link voltage, refsrefs QP __ ,  are the reference 
values of the stator active and reactive power, 
refrQ _  is the 
reference value of the reactive power flow between the grid 
and the grid-side converter, 
refE  is the reference value of the 
DC-link voltage, C  is the DC-link capacitor. 
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Fig. 1.   Block diagram of a grid-connected wind turbine with a DFIG. 
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 The objective of the vector-control scheme for the grid-
side PWM converter is to keep the DC-link voltage E  
constant regardless of the magnitude and direction of the 
rotor power, while keeping sinusoidal grid currents. It may 
also be responsible for controlling reactive power flow into 
the grid. 
The vector-control scheme for the rotor-side PWM 
converter ensures decoupling control of stator-side active and 
reactive power drawn from the grid. It provides the generator 
with wide speed-range operation, which enables the optimal 
speed tracking for maximum energy capture from the wind. 
B. Pitch control 
The aerodynamic model of the wind turbine has shown that 
the aerodynamic efficiency is strongly influenced by the 
variation of the blade pitch with respect to the direction of the 
wind or to the plane of rotation. Small changes in pitch angle 
can have a dramatic effect on the power output. 
In low to moderate wind speeds, the turbine should simply 
try to produce as much power as possible, so there is generally 
no need to vary the pitch angle. The pitch angle should only 
be at its optimum value to produce maximum power. In high 
wind speeds, pitch control provides a very effective means of 
regulating the aerodynamic power and loads produced by the 
rotor so that design limits are not exceeded. The relationship 
between the pitch angle and the wind speed is shown in Fig. 3. 
To put the blades into the necessary position, various 
control systems are employed. Reference [14] illustrates a 
simple pitch mechanism driven by an AC servomotor which 
subjects to external pitching moments (disturbances to the 
system).  
C. Protection Scheme 
Suitable protection should be provided in wind power 
generation systems to minimize the effects of possible 
abnormal operating conditions. The rotor current limit and the 
DC-link voltage limit are included in the DFIG model, which 
are set depending on the wind turbine capacity and converter 
rating. In this model 1.5 times nominal value is implemented 
for both rotor current limit and DC-link voltage limit. The 
excess of either limit will activate the protection, which short-
circuits the generator rotor and deactivates the rotor-side 
converter, while the induction generator and the grid-side 
converter are kept in connection with the grid. 
IV. STUDIED SYSTEM 
The simulation study has been conducted on the system 
shown in Fig. 1, which represents a typical situation, where a 
load at bus 2 is supplied by a wind farm with DFIG 
represented by a single machine and by the external power 
system represented by a constant voltage source connected in 
series with its Thevenin’s equivalent impedance. The external 
power system connects to bus 2 through two parallel lines, 
and bus 2 is the Point of Common Coupling (PCC). 
The wind turbine drives a 2 MW DFIG connected with a 
back-to-back PWM voltage source converter in the rotor 
circuit. Table I provides the parameters of the generator in 
detail. During rated state operation the wind turbine generates 
2 MW real power, which provides ½ of the load at Bus 2, 
while the output reactive power of the wind turbine is 
normally controlled as zero to keep unity power factor. 
V. CONTROL STRATEGY AND SIMULATION RESULTS 
A new control strategy is proposed to contribute to re-
establish the voltage at wind turbine terminal without any 
wind turbine disconnection after an external short-circuit fault. 
This control strategy takes advantage of the benefits of pitch 
controlled variable speed wind turbine. To carry out the 
control strategy, an emergency pitch regulation scheme is 
developed for power reduction in the situation of faults. 
Fig. 3.   The relationship between pitch angle and wind speed of the DFIG 
wind turbine. 
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Fig. 2.   Block diagram for the vector-control schemes of DFIG. 
TABLE I 
GENERATOR  PARAMETERS 
 
Parameter Value 
Rated power 2 MW 
Rated voltage 0.69 kV 
Base angular frequency 314.16 rad/s 
Stator/ rotor turns ratio 0.4333 
Angular moment of inertia (J=2H) 1.9914 p. u. 
Mechanical damping 0.02 p. u. 
Stator resistance 0.0175 p. u. 
Rotor resistance 0.019 p. u. 
Stator leakage inductance 0.2571 p. u. 
Rotor leakage inductance 0.295 p. u. 
Mutual inductance 6.921 p. u. 
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After an occurrence of a short-circuit fault in the external 
networks, the following control steps are performed: 
1. The excess of either the rotor current limit or the DC-link 
voltage limit will activate the protection to short-circuit 
the generator rotor and deactivate the rotor-side converter, 
while the induction generator and the grid-side converter 
are kept in connection with the grid.   
2. An emergency pitch regulation scheme is applied to 
reduce the aerodynamic power, which helps to force the 
generator rotor speed down and re-establish the voltage at 
the wind turbine terminal. 
3. After the clearance of the short-circuit fault and the 
voltage recovery of the wind turbine, the rotor-side 
converter is put back into work and the DFIG restores it 
normal operation. 
In Fig.4 the simulation results for the control strategy 
implemented in the studied system are shown, where 
WT  is the 
aerodynamic torque [Nm] and 
GT  is the electromagnetic 
torque [Nm]. The wind applied here is produced according to 
the wind model introduced in § II. Since only one wind 
turbine is considered in this case, the park scale wind model is 
not included and only the rotor wind speed is applied. The 
fault event is a three-phase to ground short-circuit fault at the 
mid-point of one of the two parallel lines, as shown in Fig.1, 
which begins at 2 s and after 150 ms the line is tripped. The 
post-fault transient process is divided into three stages as 
follows. 
A. Protection Device Activation 
Immediately after the fault occurs, the short-circuit current 
increases and the stator voltage and flux drop towards zero. 
The rotor current also increases which causes the rise of the 
rotor voltage and the DC-link voltage. Meanwhile, the drop of 
the stator voltage and flux results in a significant reduction in 
the electromagnetic torque and power. Assuming the 
aerodynamic torque is kept constant, any reduction in the 
electromagnetic torque causes the rotor to accelerate. 
Once the DC-link voltage exceeds the limit for at least 40 
ms, at approximately 2.05 s, the generator rotor is short-
circuited and the rotor-side converter is deactivated while the 
grid-side converter is kept in connection with the grid, which 
is responsible for keeping the DC-link voltage constant and 
ensuring zero reactive power flow between the converter and 
the grid. From this moment on, the generator behaves as a 
conventional induction generator. It has been noticed that the 
DC-link voltage begins to decrease after the protection trip 
and retains its nominal value quickly. 
B. Voltage Recovery 
After the clearance of the fault, reactive power is supplied 
by the power system to recover the air-gap flux. This causes a 
high inrush current to be drawn by the wind turbine from the 
power system, which in turn causes a voltage drop at the wind 
turbine terminal. The resulting electromagnetic torque acts on 
the rotor in a direction opposite to that of the aerodynamic 
torque applied by the wind turbine. If the electromagnetic 
torque is not strong enough in comparison with the 
aerodynamic torque, the rotor speed will continue to increase 
 
Fig. 4.   Wind speed, terminal voltage, stator current, DC-link voltage, 
torque, generator rotor speed, active power, reactive power and pitch angle 
in the simulated case with a voltage dip, where the proposed control 
strategy is implemented. 
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and the induction generator could draw high inrush current 
from the external power system until appropriate protection 
devices trip it. In this condition, voltage at the wind turbine 
terminal dips and the output power of wind turbine drops, as 
shown in Fig. 5. Then the system loses stability and the wind 
turbine has to be disconnected. 
After the clearance of an external short-circuit fault, 
increasing the pitch angle may reduce the aerodynamic torque, 
which helps to slow the rotor speed down and re-establish the 
voltage at the wind turbine terminal [5]. As described in the 
specification [1], it should be possible to reduce the power 
production of the wind turbine from any arbitrary operational 
point to below 20% of the rated power in less than two 
seconds. Ordering the power reduction means that the pitch 
angle shall be moved to the positions where the wind turbine 
produces 20% of the rated power at given wind speeds. 
The power reduction of the wind turbine may be realized by 
the emergency pitch regulation scheme as shown in Fig. 6, 
where eqv  is the equivalent wind speed, lim_WP  is the limit of 
the aerodynamic power in case of emergency, which is set to 
20% of the wind turbine rated power, 3
0 2 eq
AvP ρ=  is the wind 
power, 
lim_pC  is the power coefficient corresponding to 
lim_WP , norref _θ  is the reference value of the pitch angle 
during normal operations, 
emref _θ  is the reference value of the 
pitch angle in the case of emergency, refθ  is the reference 
value of the pitch angle which will be input to the pitch 
control mechanism mentioned in § III-B .  
During normal operation, the reference value of the pitch 
angle is obtained via a look-up table for a given wind speed. 
In the case of emergency, the aerodynamic power limit, 20% 
of the wind turbine rated power, is applied to the pitch 
regulation scheme, which gives out corresponding power 
coefficients 
lim_pC . Considering the relationship between the 
power coefficient pC , the tip speed ratio λ  and the pitch 
angle θ  as described in (2) and (3), the reference value of the 
pitch angle in case of emergency 
emref _θ  is calculated out 
based on 
lim_pC  and λ . The switch between the normal 
reference value norref _θ  and the emergency reference value 
emref _θ  is controlled by the voltage changes at the wind turbine 
terminal. 
In this investigation, it is assumed that a control signal to 
order the reduction of the power as well as the aerodynamic 
torque is given as soon as the generator rotor is short-
circuited. A 150 ms delay is introduced taking into account 
the signal transmission and the pitch angle calculations. The 
pitch rate is limited to sec/5°± .  
As it is shown in Fig. 4, since approximately 2.2 s the pitch 
angle is increased to reduce the aerodynamic torque, which 
leads to the reduction of the rotor speed and the recovery of 
the wind turbine terminal voltage. It can be seen, before the 
voltage is rebuilt, a large amount of reactive power is drawn 
from the grid that results in high inrush current. After the 
generator rotor speed is forced down and the voltage has been 
recovered, i.e. approximately 6.9 s, the reference value of the 
pitch angle is switched back to the normal reference value, 
which results in that the pitch angle is adjusted to a low value 
to produce more power. As the generator operates as a 
conventional induction generator, the generator speed is near 
the synchronous speed and a quantity of reactive power is 
drawn from the external grid. 
C. Normal Operation Restoration 
 After the voltage recovery of the wind turbine, the rotor-
side converter is put back into work. The controllers of the 
PWM back-to-back voltage source converter then try to 
control the doubly fed induction generator as normal. The 
rotor-side controller controls the stator-side active power 
according to the generator rotor speed, while reducing the 
stator-side reactive power to zero. The grid-side controller 
maintains the DC-link voltage as constant and, at the same 
time, ensures zero reactive power exchange between the grid-
side converter and the grid. The injected voltages in the rotor 
circuit are controlled to rise slowly from zero to the value 
required by the rotor-side controller. Even though, the injected 
rotor voltage interference brings the wind turbine into a short 
term of oscillations. The oscillations vanish in 2 s, and then 
the wind turbine with DIFG manages to retain to its normal 
operation. 
 
 
Fig. 5.  Voltage and active power of the wind turbine in the unstable 
situation where the electromagnetic torque is relatively weak. 
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Fig. 6. Emergency pitch regulation scheme. 
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VI. A SIMULATION CASE WITH HIGH WIND SPEEDS 
It is seen from Fig. 4 that the simulation case in § V applies 
a low wind speed series. In this section, a simulation case with 
a high wind speed series is presented. Applying the high wind 
speed series brings a result that the output active power of the 
DFIG wind turbine is around its rated value. The same control 
strategy proposed in § V is implemented for wind turbine 
voltage recovery in the situation of the fault, which leads to 
the simulation results as shown in Fig. 7. 
It is understood from Fig. 7 that, in high wind speed 
condition, the proposed control strategy is also effective to re-
establish the wind turbine terminal voltage after the clearance 
of an external short-circuit fault. The post-fault transient 
process is much similar to the case with low wind speeds, 
except two obvious differences. 
One of the differences is that the voltage recovery of the 
wind turbine in the case with high wind speeds takes a little 
longer time compare with the case with low wind speeds. 
Another one is, when the rotor-side converter is put back to 
work, the injected rotor voltage interference results in more 
serious oscillations.  
VII. CONCLUSION 
A control strategy for voltage recovery of grid-connected 
wind turbines with DFIG after the clearance of an external 
short-circuit fault is proposed, Simulation results prove that 
the control strategy is effective for voltage recovery both in 
low and high wind conditions. The control strategy takes 
advantage of the benefits of the rotor circuit protection device 
and an emergency pitch control scheme. 
The control strategy is performed in three steps: 
1. The excess of the protection limits of the generator rotor 
circuit will activate the protection to short-circuit the 
generator rotor and deactivate the rotor-side converter, 
while the induction generator and the grid-side converter 
are kept in connection with the grid.   
2. An emergency pitch regulation scheme is applied to 
reduce the aerodynamic power, which helps to slow the 
generator rotor speed down and re-establish the voltage at 
the wind turbine terminal. 
3. After the clearance of the short-circuit fault and the 
voltage recovery of the wind turbine, the rotor-side 
converter is put back into work and the vector-control 
schemes of the DFIG manage to restore the wind turbine’s 
normal operation. 
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Abstract—Grid connected wind turbines may produce flicker 
during continuous operation. This paper presents a simulation 
model of a MW-level variable speed wind turbine with a doubly 
fed induction generator developed in the simulation tool of 
PSCAD/EMTDC. Flicker emission of variable speed wind 
turbines with doubly fed induction generators is investigated 
during continuous operation, and the dependence of flicker 
emission on mean wind speed, wind turbulence intensity, short 
circuit capacity of grid and grid impedance angle are analyzed. A 
comparison is done with the fixed speed wind turbine, which 
leads to a conclusion that the factors mentioned above have 
different influences on flicker emission compared with that in the 
case of the fixed speed wind turbine. Flicker mitigation is 
realized by output reactive power control of the variable speed 
wind turbine with doubly fed induction generator. Simulation 
results show the wind turbine output reactive power control 
provides an effective means for flicker mitigation regardless of 
mean wind speed, turbulence intensity and short circuit capacity 
ratio. 
 
Index Terms—Doubly fed induction generator, flicker, 
variable speed wind turbine. 
 
 
I. INTRODUCTION 
N recent years wind power generation has experienced a 
very fast development in the whole world. As the wind 
power penetration into the grid is increasing quickly, the 
influence of wind turbines on the power quality is becoming 
an important issue. One of the important power quality aspects 
is flicker. 
Flicker is defined as “an impression of unsteadiness of 
visual sensation induced by a light stimulus, whose luminance 
or spectral distribution fluctuates with time”[1], which can 
cause consumer annoyance and complaint. Furthermore, 
flicker can become a limiting factor for integrating wind 
turbines into weak grids, and even into relatively strong grids 
where the wind power penetration levels are high. 
 Flicker is induced by voltage fluctuations, which are caused 
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by load flow changes in the grid. Grid connected wind 
turbines may have considerable fluctuations in output power, 
which depend on the wind power generation technology 
applied. The flicker emission produced by grid connected 
wind turbines during continuous operation is mainly caused 
by fluctuations in the output power due to wind speed 
variations, the wind gradient and the tower shadow effect [2]. 
 As a consequence of the combination of wind speed 
variations, the wind gradient and the tower shadow effect, an 
output power drop will appear three times per revolution for a 
three-bladed wind turbine. This frequency is normally referred 
to as the p3  frequency. For fixed speed wind turbines with 
induction generators, power pulsations up to 20% of the 
average power at the frequency of p3  will be generated [3]. 
 There are numerous of factors that affect flicker emission of 
grid-connected wind turbines during continuous operation, 
such as wind characteristics (e.g. mean wind speed, turbulence 
intensity) and grid conditions (e.g. short circuit capacity, grid 
impedance angle, load type) [2], [4], [5], [6], [7]. The type of 
wind turbine also has influence on flicker emission. Variable 
speed wind turbines have shown better performance related to 
flicker emission in comparison with fixed speed wind turbines 
[2], [4]. The reason is that variable speed operation of the 
rotor has the advantage that the faster power variations are not 
transmitted to the grid but are smoothed by the flywheel 
action of the rotor.  
Although the variable speed wind turbine produces lower 
flicker levels, the flicker study becomes necessary and 
imperative as the wind power penetration level increases 
quickly. Variable speed wind turbines with doubly fed 
induction generators, the most popular installed variable speed 
wind turbines worldwide [8], [9] are the main research topic 
in this paper. 
 In this paper, a simulation model of a MW-level variable 
speed wind turbine with a doubly fed induction generator 
developed in PSCAD/EMTDC [10], [11] is presented, and the 
control schemes of the wind turbine are described. Based on 
the wind turbine model, flicker emission of variable speed 
wind turbines with doubly fed induction generators is 
investigated during continuous operation. The factors that 
affect flicker emission of wind turbines, such as wind 
characteristics (mean speed, turbulence intensity) and grid 
conditions (short circuit capacity, grid impedance angle) are 
analyzed. Compared with that in the case of the fixed speed 
wind turbine, the factors mentioned above have different 
influences on flicker emission of the variable speed wind 
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turbine with doubly fed induction generator. Flicker 
mitigation is realized by output reactive power control of the 
variable speed wind turbine with doubly fed induction 
generator.  
 
II. WIND TURBINE MODEL 
The wind turbine considered here applies a doubly fed 
induction generator, using a back-to-back PWM voltage 
source converter in the rotor circuit. Variable speed operation 
of the wind turbine can be realized by appropriate adjustment 
of the rotor speed and pitch angle. 
A complete wind turbine model includes the wind speed 
model, the aerodynamic model of the wind turbine, the 
mechanical model of the transmission system and models of 
the electrical components, namely the induction generator, 
PWM voltage source converters, transformer, and the control 
and supervisory system. Fig. 1 illustrates the main 
components of a grid connected wind turbine. 
The simulation model of the wind turbine is developed in 
the dedicated power system analysis tool, PSCAD/EMTDC. 
The grid model and the electrical components of the wind 
turbine are built with standard electrical component models 
from PSCAD/EMTDC library. The models of the wind speed 
and the aerodynamic, mechanical and control components of 
the wind turbine are built with custom components developed 
in PSCAD/EMTDC. 
Wind simulation plays an important task in wind turbine 
modeling, particularly for dynamic interaction analysis 
between wind farms and the power system to which they are 
connected. A wind model has been developed to support such 
studies [12], [13], which is applied in this paper. The structure 
of the wind model is built into two steps: The first step of the 
wind model is the park scale wind model, which simulates the 
wind speed in hub height at each wind turbine, taking into 
account the park scale coherence; The second step of the wind 
model is the rotor wind model, which includes the influence 
of rotational sampling and the integration along the wind 
turbine blades as the blades rotates. The rotor wind model 
provides an equivalent wind speed for each wind turbine, 
which is conveniently used as input to a simplified 
aerodynamic model of the wind turbine. 
A simplified aerodynamic model is normally used when the 
electrical behavior of the wind turbine is the main interest of 
the study. The relation between the wind speed and 
aerodynamic torque may be described by the following 
equation: 
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where WT  is the aerodynamic torque extracted from the wind 
[Nm], ρ  the air density [kg/m3], R  the wind turbine rotor 
radius [m], eqv  the equivalent wind speed [m/s], θ  the pitch 
angle of the rotor [deg], eqrot vRw /=λ  the tip speed ratio, 
where rotw  is the wind turbine rotor speed [rad/s], pC  the 
aerodynamic efficiency of the rotor. 
As for the mechanical model, emphasis is put on the parts of 
the dynamic structure of the wind turbine that contribute to the 
interaction with the grid. Therefore, only the drive train is 
considered, while the other parts of the wind turbine structure, 
e.g. tower and flap bending modes, are neglected. When 
modeling the drive train, it is a common practice to neglect the 
dynamics of the mechanical parts, as their responses are 
considerably slow in comparison to the fast electrical ones, 
especially for machines with great inertia. The rotational 
system may therefore be modeled by a single equation of 
motion: 
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where WGJ  is the wind turbine mechanical inertia plus 
generator mechanical inertia [kg·m2], GT  generator 
electromagnetic torque [Nm], and D  friction coefficient 
[Nm/rad]. 
PSCAD/EMTDC software library provides dedicated 
model of the wound rotor induction generator. In this paper 
the wound rotor induction generator model with detailed 
description of the stator and rotor direct and quadrature axis 
currents (or flux linkages) and the rotor speed is applied. 
For a detailed PWM voltage source converter model, the 
power electronic components should be switched on and off at 
a high frequency (several kHz or higher), which requires a 
very small simulation time step to well represent the PWM 
waveforms. The simulation speed is thus fairly slow. 
Therefore, the detailed PWM voltage source converter model 
3-blade
turbine
Gearbox
Transformer
2.5MVA
G
lZl=0.7562 Zth
Eth=11kV
2 1
Wind
DFIG
Capacitor
PWM
converter
PWM
converter Wind
turbine
PCC
Connetion line Grid
 
                              Fig. 1.  Block diagram of a grid connected wind turbine with a doubly fed induction generator. 
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is unsuitable for flicker calculation that requires a long 
simulation time. Since the study interest is not concentrated on 
the switches of the PWM converter, an average model without 
switches is used so that the simulation can be carried out with 
a larger time step resulting in a simulation speed improvement 
[14]. 
 
III. CONTROL SCHEMES 
For a variable speed wind turbine with a doubly fed 
induction machine, it is possible to control the load torque at 
the generator directly, so that the speed of the turbine rotor 
can be varied within certain limits. An advantage of the 
variable speed wind turbine is that the rotor speed can be 
adjusted in proportion to the wind speed in low to moderate 
wind speeds so that the optimal tip speed ratio is maintained. 
At this tip speed ratio the aerodynamic efficiency, pC , is at 
maximum, which means that the energy conversion is 
maximized. 
In general, variable speed wind turbines may have two 
different control goals, depending on the wind speed. In low 
to moderate wind speeds, the control goal is maintaining a 
constant optimum tip speed ratio for maximum aerodynamic 
efficiency. In high wind speeds, the control goal is to keep the 
rated output power fixed in order not to overload the system. 
Two control schemes are implemented in the wind turbine 
model: speed control and pitch control. The speed control can 
be realized by adjusting the generator power or torque. The 
pitch control is a common control method to regulate the 
aerodynamic power from the turbine. 
A. Speed Control 
Vector-control techniques have been well developed for 
doubly fed induction generators using back-to-back PWM 
converters [15]. Two vector-control schemes are designed 
respectively for the rotor-side and grid-side PWM converters, 
as shown in Fig. 2, where ss iv ,  are the stator voltages and 
currents, ri  are the rotor currents, gv  are the grid voltages, gi  
are the grid-side converter currents, rw  is the generator speed, 
E  is the DC-link voltage, refsrefs QP __ ,  are the reference 
values of the stator active and reactive power, 
refrQ _  is the 
reference value of the reactive power flow between the grid 
and the grid-side converter, 
refE  is the reference value of the 
DC-link voltage, C  is the DC-link capacitor. 
 The objective of the vector-control scheme for the grid-
side PWM converter is to keep the DC-link voltage constant 
regardless of the magnitude and direction of the rotor power, 
while keeping sinusoidal grid currents. It may also be 
responsible for controlling reactive power flow between the 
grid and the grid-side converter by adjusting 
refrQ _ . 
The vector-control scheme for the rotor-side PWM 
converter ensures decoupling control of stator-side active and 
reactive power drawn from the grid. The reference value of 
the stator-side active power 
refsP _  is obtained via a look-up 
table for a given generator rotor speed, which enables the 
optimal power tracking for maximum energy capture from the 
wind. It also provides the generator with wide speed-range 
operation. 
Normally, the reference values of both stator-side and rotor-
side reactive power, 
refsQ _  and refrQ _  are all set to zero to 
ensure unity power factor operation of the studied wind 
turbine. 
B. Pitch Control 
The aerodynamic model of the wind turbine has shown that 
the aerodynamic efficiency is strongly influenced by variation 
of the blade pitch with respect to the direction of the wind or 
to the plane of rotation. Small changes in pitch angle can have 
a dramatic effect on the power output. 
In low to moderate wind speeds, the turbine should simply 
try to produce as much power as possible, so there is generally 
no need to vary the pitch angle. The pitch angle should only 
be at its optimum value to produce maximum power. In high 
wind speeds, pitch control provides a very effective means of 
regulating the aerodynamic power and loads produced by the 
rotor so that design limits are not exceeded. The relationship 
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                                          Fig. 2.   Block diagram for the vector-control schemes of doubly fed induction generator.
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between the pitch angle and the wind speed is shown in Fig. 3. 
To put the blades into the necessary position, various 
control systems are employed. Reference [16] illustrates a 
simple pitch mechanism driven by an AC servomotor which 
subjects to external pitching moments (disturbances to the 
system).  
 
IV. STUDIED SYSTEM 
The case simulated in this study is shown in Fig. 1. It 
represents a typical situation, where a wind farm with doubly 
fed induction generators represented by a single machine is 
integrated to the external power system represented by a 
constant voltage source connected in series with its 
Thevenin’s equivalent impedance. Bus 2 accounts for the 
Point of Common Coupling (PCC). The external power 
system is connected to bus 2 through a line 1-2, where the 
impedance magnitude is 0.7562 Ω . The magnitude of the 
Thevenin’s equivalent impedance can be found out by the 
rated voltage and the short circuit capacity.  
The wind turbine drives a 2 MW doubly fed induction 
generator connected with a back-to-back PWM voltage source 
converter in the rotor circuit. Table I provides the parameters 
of the generator in detail. The wind turbine generates 2 MW 
active power during rated state operation, while the output 
reactive power of the wind turbine is normally controlled as 
zero to keep unity power factor.  
 
V. FLICKER EMISSION  
This section is concentrated on flicker emission of variable 
speed wind turbines with doubly fed induction generators 
during continuous operation. The level of flicker is quantified 
by the short-term flicker severity stP , which is normally 
measured over a ten-minute period. According to IEC 
standard IEC 61000-4-15 [17], a flickermeter model is built to 
calculate the short-term flicker severity stP  (see Appendix A). 
The short-term flicker severity of bus 2, the PCC, is calculated 
on the basis of the voltage variation.  
A base case with parameters given in Table II is first 
considered, where the turbulence intensity, short circuit 
capacity ratio, grid impedance angle are defined as: 
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where v∆  is the wind speed standard deviation, v  is the mean 
wind speed, kS  is the short circuit apparent power of the grid 
where the wind turbines are connected, nS  is the rated 
apparent power of the wind turbines, R  and X  are the 
resistance and reactance of the grid line. 
The wind applied in this investigation is produced 
according to the wind model introduced in § II. Since only 
one wind turbine is considered in this case, the park scale 
wind model is not included and only the rotor wind speed is 
applied. The equivalent wind speed and the output power of 
the wind turbine in the base case are shown in Fig. 4. 
 The wind turbine can operate in a wide speed range. In the 
base case, the turbine speed varies around 16 rpm, which 
corresponds to the p3  frequency of 0.8 Hz. A frequency 
analysis of the equivalent wind speed and the output power 
has been carried out, as shown in Fig. 5. The spectrum of the 
equivalent wind speed indicates that the p3  frequency 
component, due to the wind gradient and the tower shadow 
effect, has been represented in the wind model. However, the 
higher frequency components, such as p6 , p9 , p12 , etc, are 
not included. The p3  frequency component is transmitted to 
the output power of the wind turbine, which will induce 
voltage fluctuation and flicker in the grid.  
The short-term flicker severity stP  in the base case equals 
to 0.044, which represents the flicker level in the case of a 
Fig. 3.   The relationship between pitch angle and wind speed. 
TABLE I 
GENERATOR  PARAMETERS 
Parameter Value 
Rated power 2 MW 
Rated voltage 0.69 kV 
Base angular frequency 314.16 rad/s 
Stator/ rotor turns ratio 0.4333 
Angular moment of inertia 1.9914 p. u. 
Mechanical damping 0.02 p. u. 
Stator resistance 0.0175 p. u. 
Rotor resistance 0.019 p. u. 
Stator leakage inductance 0.2571 p. u. 
Rotor leakage inductance 0.295 p. u. 
Mutual inductance 6.921 p. u. 
TABLE II 
BASE CASE FOR SIMULATION 
Parameter Value 
Mean wind speed ( v ) 9 m/s 
Turbulence intensity ( In ) 0.1 
Short circuit capacity ratio ( SCR ) 20 
Grid impedance angle (
kψ ) 50 deg 
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single wind turbine connected to a strong grid. It is 
recommended that in distribution networks a flicker emission 
of 35.0=stP  is considered acceptable for wind turbine 
installations [18]. For the wind turbines connected to the 
transmission networks, the flicker contribution from the wind 
turbines in the connection point shall be limited to be below 
3.0=stP  [19]. It is seen the flicker level in the base case is far 
below the required limits. However, for multiple wind 
turbines connected to a relatively weak grid, the flicker level 
may be significantly different. 
 Flicker emission of grid connected wind turbines depends 
on many factors, such as wind parameters, grid condition, etc. 
On the basis of the base case, the dependence of flicker 
emission on the following factors is studied: 
• Mean wind speed, v  
• Turbulence intensity, In  
• Short circuit capacity ratio, SCR  
• Grid impedance angle, kψ  
In the following cases, the concerned factors are to be 
changed while the other parameters are kept constant as that in 
the base case. 
A. Mean Wind Speed 
In the case of the fixed speed wind turbine, the flicker rises 
up at increasing wind speeds. The flicker level increases 
around three times from lower to higher wind speed. As for 
the pitch-controlled fixed speed wind turbine, due to gusts and 
the speed of the pitch mechanism, instantaneous power will 
fluctuate around the rated value of the power in high wind 
speeds. Variations in wind-speed of ±1 m/s may give power 
fluctuations with a magnitude of ±20%, which induces high 
flicker levels. With respect to the stall-regulated fixed speed 
wind turbine, in high wind-speed condition, variations in the 
wind speed will also cause power fluctuations but with a 
smaller magnitude in comparison with a pitch-controlled 
turbine [2]. 
For the variable speed wind turbine with doubly fed 
induction generator, the variation of short-term flicker severity 
stP  with mean wind speed is illustrated in Fig. 6. As it is 
shown, in low wind speeds (less than 7.5 m/s), the stP  value is 
very low due to a small output power. Then the stP  value 
increases with an approximate linear relation to the mean wind 
speed due to an increase in the turbulence in the wind, until it 
reaches 11.5 m/s. For higher wind speeds, where the wind 
turbine reaches rated power, the flicker level decreases. The 
reason is that the combination of the pitch angle modulation 
and the variable speed operation can significantly smooth out 
the turbulence-induced fluctuations reflected in the output 
power of the wind turbine. The decrease of the flicker level in 
high wind speeds indicates that, even though the pitch control 
scheme may dominate over the speed control scheme for 
limiting the power, the variable speed operation will smooth 
out the power fluctuation effectively and, thereby, limit the 
flicker. 
B. Turbulence Intensity 
For the fixed speed wind turbine, the flicker level almost 
increases linearly with the increase of the turbulence Intensity 
[4], [5]. For the variable speed wind turbine with doubly fed 
induction generator, the relationship between the stP  and 
turbulence intensity varies with different mean wind speed, 
which is evident in Fig. 7. 
 As it is shown, in low wind speeds (for example, 
Fig. 4.   Equivalent wind speed and output power of the wind turbine in the
base case of the study. 
Fig. 5.   Spectrum of equivalent wind speed and output power of the wind
turbine in the base case. 
Fig. 6. Short-term flicker severity 
stP  variation with mean wind speed 
( 1.0=In , 20=SCR , o50=kψ ). 
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smv /9= ), the stP  has an almost linear relation with the 
turbulence intensity. The more turbulence in the wind results 
in larger flicker emission. However, in high wind speeds (for 
example, smv /18= ), where the wind turbine is controlled to 
keep the rated output power, the relationship between the stP  
and turbulence intensity is quite different. When the 
turbulence intensity of the wind is low, the wind profile varies 
in a small range that corresponds to a rated output power. The 
stP  value is low due to a small power fluctuation as a result of 
the aerodynamic regulation. As the turbulence intensity 
increases, the wind profile changes significantly which results 
in a large variation of output power. As a consequence, the 
flicker emission becomes serious. The equivalent wind speeds 
and output power fluctuations for different turbulence 
intensity values are demonstrated in Fig. 8 and Fig. 9 
respectively. 
C. Short Circuit Capacity Ratio 
In the case of variable speed wind turbine with doubly fed 
induction generator, Fig. 10 illustrates an approximately 
inversely proportional relationship between the short-term 
flicker severity stP  and the short circuit capacity ratio. This 
relationship also applies to the fixed speed wind turbine [2], 
[4], [6]. The higher the short circuit capacity ratio, the 
stronger the grid where the wind turbine is connected. As 
expected, the wind turbine would produce greater flicker in 
weak grids than in stronger grids. 
D. Grid impedance Angle  
The voltage change across a power line may be 
approximately calculated with the following formula [20]: 
V
QXPRV +=∆                                                                      (4) 
where P  and Q  are the active and reactive power flow on the 
line respectively, R  and X  are the resistance and reactance 
of the grid line, and V  is the voltage at the line terminal. 
 The grid impedance angle is so important that the voltage 
changes from the active power flow may be cancelled by that 
from the reactive power flow. The determining factor is the 
difference between the grid impedance angle kψ  and the 
power factor angle ψ  that the wind energy conversion system 
is operating at [4]. When the difference approaches 90 
degrees, the flicker emission is minimized.  
The fixed speed wind turbine absorbs reactive power from 
the grid while it is generating active power. For the operating 
condition with fixed speed wind turbine, the minimum flicker 
emission occurs at a grid impedance angle between 60 to 70 
degrees [4], [6]. The situation becomes different in the case of 
variable speed wind turbine with doubly fed induction 
generator, which is capable of controlling the output active 
and reactive power.  
 Normally the variable speed wind turbine with doubly fed 
induction generator is controlled to operate at unity power 
factor, which means no reactive power is injected into or 
drawn from the grid. In this case, the resistance value of the 
grid line is the determining factor that affects the flicker 
emission from the wind turbine. When the grid impedance 
angle increases, the resistance value decreases which results in 
reduced flicker emission, as shown in Fig. 11. 
 If the output power of the wind turbine follows a QP −  
curve, as shown in Fig. 12, the reactive power will contribute 
to the flicker emission. The curve shown in Fig. 12 represents 
Fig. 7. Short-term flicker severity 
stP  variation with turbulence intensity
( smv /9=  (asterisk), smv /18=  (diamond), 20=SCR , o50=kψ  ). 
Fig. 9.  The output power for different turbulence intensity values. 
Fig. 8.  The wind speeds for different turbulence intensity values. 
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the QP −  relationship of a commercial variable speed wind 
turbine. In this situation, applying a mean wind speed, 
smv /16= , with a turbulence intensity, 2.0=In , the power 
factor angle ψ  is around 175 degrees.  Therefore, the 
minimum flicker emission occurs when the grid impedance 
angle kψ  approaches 8590 =−ψ degrees, as shown in Fig. 
13. 
 
VI. FLICKER MITIGATION                                                        
BY OUTPUT REACTIVE POWER CONTROL 
With 
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It is seen from (6) that when the difference between the grid 
impedance angle kψ  and the power factor angle ψ  
approaches 90 degrees, the voltage variation as well as the 
corresponding flicker level is reduced.  
As mentioned before, the variable speed wind turbine with 
doubly fed induction generator is capable of controlling the 
output active and reactive power independently. Normally, the 
output reactive power of the wind turbine is controlled as zero 
to keep unity power factor. It is possible that the  wind turbine 
output reactive power is regulated  to vary with the output 
active power by the grid-side PWM voltage source converter 
control, thus the power factor angle may be changed. In this 
way, the grid-side PWM voltage source converter behaves 
similiarly to a STATCOM at the wind turbine terminal. The 
difference is that the grid-side converter is already there 
without any additional cost in the case of  a doubly fed 
induction generator. For a desired power factor angle, the 
reference value of the output reactive power 
refrQ _  can be 
calculated with reference to the measured output active power. 
When this power factor angle approaches the value of 
90+kψ , the flicker level is reduced.  
The case studied here is almost the same as the base case, 
except that the grid impedance angle is 63.4349 degrees, 
which corresponds to 2/ =RX . As the wind turbine output 
reactive power is contolled which leads to the angle difference 
kψψ −  approaching 90 degrees, the flicker level decreases, as 
shown in Fig. 14. The capacity limit of the PWM voltage 
source converter is not taken into account in this study. 
This law applies to other cases with different parameters. 
Fig. 15 – Fig. 18 illustrate the flicker level differences 
between the case with output reactive power control, i.e. the 
angle difference kψψ −  is regulated to be 90 degrees, and the 
case of normal operation. The comparison is done with 
different parameters, such as mean wind speed, turbulence 
intensity, and short circuit capacity ratio. The relationships 
 
Fig. 10. Short-term flicker severity 
stP  variation with short circuit capacity 
ratio ( smv /9= , 1.0=In , o50=kψ  ). 
Fig. 11. Short-term flicker severity 
stP  variation with grid impedance angle
in normal operation condition ( smv /9= , 1.0=In , 20=SCR  ). 
Fig. 12. Relationship between the output active power and reactive power of
the commercial wind turbine.  
Fig. 13. Short-term flicker severity 
stP  variation with grid impedance angle 
when the QP −  curve is followed ( smv /16= , 2.0=In , 20=SCR  ). 
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between the short-term flicker severity stP  and different 
parameters in both cases are quite similar. However, 
compared with the case of normal operation, when the angle 
difference kψψ −  is controlled to be 90 degrees by 
controlling the wind turbine output reactive power, the flicker 
level is significantly reduced. 
 From Fig. 15 – Fig. 18, it can be concluded that regulating 
the angle difference kψψ −  by controlling the wind turbine 
output reactive power is an effective means for flicker 
mitigation regardless of mean wind speed, turbulence intensity 
and short circuit capacity ratio. By implementing this measure 
for flicker mitigation, an amount of reactive power may be 
absorbed from the grid. It is not necessary to realize the full 
voltage fluctuation compensation, i.e. the angle difference 
kψψ −  is controlled to be 90 degrees, which will cause a 
large amount of reactive power absorbed from the grid. If only 
a small amount of reactive power is absorbed from the grid, 
which is controlled to be proportional to the generated active 
power, the angle difference kψψ −  may become nearer to 90 
degrees which results in a reduced flicker level. Meanwhile, 
the absorbed reactive power may restrict the high voltage at 
the wind turbine terminal which may be caused by the wind 
turbine generated active power. 
In this investigation, the output reactive power control of 
the DFIG wind turbine is realized by the grid-side PWM 
voltage source converter, which may bring a consequence that 
the rating of the power converter will be high. If the output 
reactive power control of the DFIG wind turbine is realized by 
the rotor-side PWM voltage source converter, the generator 
currents will rise up which result in higher power losses in the 
generator. There exists another solution that the output 
reactive power control of the DFIG wind turbine may be 
achieved both by the grid-side and the rotor-side PWM 
voltage source converter. Therefore, the reactive power flow 
is distributed into both the generator stator and the grid-side 
PWM voltage source converter, which may overcome the 
 Fig. 14. Short-term flicker severity 
stP  variation with angle difference 
( smv /9= , 1.0=In , 20=SCR , o4349.63=kψ ). 
Fig. 15. Short-term flicker severity 
stP variation with mean wind speed 
( 1.0=In , 20=SCR , o4349.63=kψ , normal operation (asterisk), with
output reactive power control (diamond)). 
Fig. 16. Short-term flicker severity 
stP  variation with turbulence intensity in 
low wind speeds ( smv /9= , 20=SCR , o4349.63=kψ , normal operation 
(asterisk), with output reactive power control (diamond)). 
Fig. 17. Short-term flicker severity 
stP  variation with turbulence intensity in 
high wind speeds ( smv /18= , 20=SCR , o4349.63=kψ , normal operation 
(asterisk), with output reactive power control (diamond)). 
Fig. 18. Short-term flicker severity 
stP  variation with short circuit capacity 
ratio ( smv /9= , 1.0=In , o4349.63=kψ , normal operation (asterisk), with 
output reactive power control (diamond)). 
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shortcomings brought by the former two solutions. No matter 
which solution is applied, the flicker emission of the DFIG 
wind turbines will be relieved provided that the angle 
difference kψψ −  is controlled to become nearer to 90 
degrees. 
There is an alternative flicker mitigation control measure – 
directly controlling the voltage at the PCC, which can also be 
realized by regulating the reactive power of the PWM voltage 
source converters. The aim of the voltage controller is to keep 
the voltage at a constant value such that the voltage 
fluctuations as well as flicker are reduced. This flicker 
mitigation measure may have similar effect to the output 
reactive power control. However, this paper is focused on the 
output reactive power control. 
 
 
VII. CONCLUSION 
This paper describes the model of variable speed wind 
turbines with doubly fed induction generators using back-to-
back PWM voltages source converters and the corresponding 
control schemes. On the basis of the developed wind turbine 
model, the flicker emission of variable speed wind turbines 
with doubly fed induction generators during continuous 
operation is investigated. Simulation results show that the 
wind characteristics and the grid conditions have significant 
effects on the flicker emission of the variable speed wind 
turbine with doubly fed induction generator. In particular, the 
effects of mean wind speed, turbulence intensity and grid 
impedance angle are different from that in the case of the 
fixed speed wind turbine. 
The variable speed wind turbine with doubly fed induction 
generator is capable of controlling the output active and 
reactive power independently. The wind turbine output 
reactive power is controlled to vary with the output active 
power so that the difference between the grid impedance angle 
kψ  and the power factor angle ψ  may approach 90 degrees, 
which leads to reduced flicker levels. It is concluded from the 
simulation results that the wind turbine output reactive power 
control provides an effective means for flicker mitigation 
regardless of mean wind speed, turbulence intensity and short 
circuit capacity ratio. 
APPENDIX A   FLICKERMETER MODEL 
According to IEC standard IEC 61000-4-15 [17], a 
flickermeter model has been built to calculate the short-term 
flicker severity stP . The flickermeter architecture is described 
by the block diagram in Fig. 19, and can be divided into two 
parts, each performing one of the following tasks: 
- Scaling the input voltage and simulation of the 
response of the lamp-eye-brain chain; 
- On-line statistical analysis of the flicker signal and 
presentation of the results. 
Blocks 1, 2, 3, 4 in Fig. 19 perform the first task, while the 
second task is accomplished by block 5.  
“Block 1” scales the input voltage down to an internal 
reference level. “Block 2” recovers the voltage fluctuation by 
squaring the input voltage, thus simulating the behavior of an 
incandescent lamp. “Block 3” is composed of a cascade of two 
filters. The first filter eliminates the d.c. and double mains 
frequency ripple components of the demodulator (“Block 2”) 
output. The filter incorporates a first order high-pass 
(suggested 3 dB cut-off frequency at about 0.05 Hz) and a 
low-pass section, for which a 6th order Butterworth filter with 
a 35 Hz 3 dB cut-off frequency is applied. The second filter is 
a weighting filter that simulates the frequency response to 
sinusoidal voltage fluctuations of a coiled filament gas-filled 
lamp (60W, 230V) combined with the human visual system. 
“Block 4” is composed of a squaring multiplier and a first 
order low-pass filter with a time constant of 300 ms. The 
output from “Block 4” represents the instantaneous flicker 
level. 
“Block 5” performs an on-line analysis of the flicker level. 
At first, the cumulative probability function of the flicker 
levels is established. Then the short-term flicker severity stP  
can be calculated according to the following equation: 
ssssst PPPPPP 5010311.0 08.028.00657.00525.00314.0 ++++=
                                                                                           (A.1) 
where the percentiles 1.0P , sP1 , sP3 , sP10  and sP50  are the 
flicker levels exceed for 0.1; 1; 3; 10 and 50% of the time 
during the observation period. 
 The suffix s  in the equation indicates that the smoothed 
value should be used; these are obtained using the following 
equations: 
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 The 0.3s memory time-constant in the flickermeter ensures 
that 1.0P  cannot change abruptly and no smoothing is needed 
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                                  Fig. 19.   Block diagram of the developed flickermeter model. 
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